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ABSTRACT OF THE DISSERTATION
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Professor Jeffrey I. Zink, Chair

Mesoporous silica nanoparticles (MSNs) have been shown to be useful in numerous applications,
because the surface can be easily modified with various functional groups. MSNs can also be
modified with respect to the interior or exterior of the particles: materials can be condensed
within the silica framework, attached along the pore walls, or bound to the outer surface of the
nanoparticles. Surface modifications with molecular machines can act to contain cargo molecules
within the porous structure for stimulated release of the cargo. Additionally, materials have been
developed that contain small metal oxide nanocrystals (d = 10-20 nm) encapsulated within a
single MSN. These core-shell mesoporous materials can be used to examine toxicological
properties of dissolved ions apart from their cell-surface interactions, since the porous shell
allows for diffusion of ions through the porous channels, while also physically isolating the
nanocrystal surface from direct contact with the biological material. Additionally, the outer
ii

surface of these core-shell MSNs can be modified with molecular machines for cargo storage and
release. When iron oxide nanocrystals are encapsulated within MSNs that are equipped with
nanovalves and exposed to high-frequency magnetic fields, the valves open and release cargo
molecules from the nanoparticles. This property is used to deliver drug molecules in vitro.
Furthermore, molecules can be covalently attached to the surface to direct the nanoparticles into
certain cells. Cancer cells overexpressing transferrin receptors show enhanced uptake toward
MSNs functionalized with surface-attached transferrin. When examined in vitro, these particles
show increased uptake of MSNs compared to MSNs without surface-attached transferrin. This
dissertation will include research on these two major research aims using MSNs: biological aims
of specific drug delivery into target cells; and examining the environmental toxicity of
engineered nanomaterials.
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Chapter 1

Introduction

This manuscript is adapted with permission and excerpted from:
Ambrogio. M.W.; Thomas, C.R.; Zhao, Y.-L.; Zink, J.I.; Stoddart, J.F. Mechanized Silica
Nanoparticles: A New Frontier in Theranostic Nanomedicine. Acc. Chem. Res. 2011, 44,
903-913. Copyright 2011, American Chemical Society.
Thomas, C.R.; George, S.; Horst, A.M.; Ji, Z.; Miller, R.J.; Peralta-Videa, J.R.; Xia, T.; Pokhrel,
S.; Madler, L.; Gardea-Torresdey, J.L.; Holden, P.A.; Keller, A.A.; Lenihan,H.S.; Nel,
A.E.; Zink, J.I. Nanomaterials in the Environment: From Materials to High-Throughput
Screening to Organisms. ACS Nano 2011, 5, 13-20. Copyright 2011, American Chemical
Society.
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1.1

Nanostructured Materials
Nanoscale science and technology has advanced greatly in recent decades. From the

discovery of fullerenes to quantum dots to graphene, nanoscale research has advanced from
discovery to optimization to implementation. We as researchers have methods of pinpointing
specific structural and functional components that would be ideal for a particular application, and
have developed processing methods to fine-tune synthesis in order to achieve those endpoints.1-8
Nanoscale devices are becoming more common in many fields, including medical research,
environmental remediation, electronics, and sensors,9-14 as they hold promise for improved
function over traditional or macroscale devices.
During the past decade, mesoporous silica nanoparticles (MSNs) have been developed
and optimized for use in biological and environmental studies. The evolution of MSNs as
platforms for applications is summarized in the timeline illustrated in Figure 1. Mesoporous
silica nanoparticles have a number of characteristics that make them ideal for various chemical
modifications and in applications. MSNs have a large pore volume and surface area, which allow
small molecules to be stored within the mesopores, and bulky groups to be attached on the
surface to prevent these molecules from escaping. They are optically transparent, such that dyeloaded nanoparticles can be tracked using fluorescent or confocal spectroscopy. They are
chemically robust, a large number of chemical modifications to the MSN surface are possible by
attachment of simple functional alkoxysilanes, and the MSNs can be optimized for operation in
organic or aqueous solvents. The fabrication method allows for tuning of particle size, pore
diameter, pore structure and inclusion of smaller materials such as metal or metal oxide
nanocrystals. Furthermore, this composition of MSNs is biologically inert, and of appropriate
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size for cell uptake. Thus, MSNs are ideal candidates for biological applications, as they hold
promise for advances in the field of drug delivery, controlled release, and imaging.15-16
Synthesis of MSNs (Scheme 1) is achieved by base-catalyzed hydrolysis of a silica
precursor, tetraethyl orthosilicate (TEOS), in the presence of the surfactant cetyl trimethylammonium bromide (CTAB), or a co-surfactant containing CTAB with pleuronic F-127, in
water. Above the critical micelle concentration,17 CTAB forms micelles that arrange in tubular
structures, and these tubes stack in a hexagonal pattern. When the TEOS is added, hydrolysis and
condensation occur to coat the micelles with a thin layer of amorphous silica, forming spherical
nanoparticles. Under the conditions used for research presented in this dissertation, nanoparticles
have tunable diameters ranging from 60-120 nm and pore diameters of about 2 nm. Particles of
this size are ideal for biological applications since they can be easily endocytosed by cells, and
the pore diameter makes these MSNs ideal for containing small dyes for monitoring function
spectroscopically, and for containing small molecule drugs for drug delivery applications. In
using MSNs for delivery applications, the materials have three primary components (Figure 2):
they are – (1) a solid support, (2) a payload of cargo, and (3) external machinery. Typically, the
external machinery consists of a monolayer of mechanically interlocked molecules (MIMs)
usually in the form of rotaxanes, which consist of the following components – (a) linear stalks
anchoring the rotaxanes to the surfaces of the MSNs, (b) gating rings, in the form of macrocycles
that encircle the stalks and trap the cargo – usually delivered to the MSNs under a concentration
gradient – within the pores of the MSNs, (c) an alternative ring binding site or weak, cleavable
point along all the stalks that are susceptible to some specific stimulus to force the rings to
distance themselves from the pores, thereby releasing the cargo; and (d) stoppers at the ends of
the stalks. The individual components employed in the fabrication of MSNs are highly modular,
3

which means that their customization is straightforward – a major advantage of these integrated
systems over other delivery vehicles.
1.2

Functionalization of Mesoporous Silica Nanoparticles (MSNs)
There are three major classes of modifications that can be made to MSNs: co-

condensation of molecules along the pore walls of the MSNs, grafting of molecules to the MSN
surface, and inclusion of small metal or metal oxide nanocrystals at the MSN core. Using the cocondensation technique, molecules with an alkoxysilane group can be attached along the MSN
pore walls by inserting into the micelle before adding the silica precursor. As shown in Figure 3,
the molecule of interest, often a fluorescent tag, inserts into the micelle with the alkoxysilane
along the outer edge of the micelle such that when the silica precursor is added, the target
molecule is now embedded within the silica framework and directed inside the porous network.
Since MSNs are optically transparent, fluorescent labeling in this manner allows for tracking of
the nanoparticles in cells using fluorescent microscopy. Surface grafting techniques (Figure 4)
allow for the attachment of two major classes of molecules onto the MSN surface: (1) molecular
machines for containment and delivery of cargo molecules in the mesopores; and (2) targeting
groups for active targeting of MSNs into specific cell types. Additionally, small metal or metal
oxide nanocrystals can be included at the core of MSNs by first stabilizing the nanocrystals in
surfactant (Figure 5) before adding the silica precursor. When the nanocrystal embedded in the
MSNs is magnetic, this allows for the MSNs to be physically manipulated with the application of
an external magnet. Additionally, these magnetic MSNs respond to high frequency oscillating
magnetic fields by generating heat. The inclusion of iron oxide nanocrystals at the MSN core
allows for multiple uses, including drug delivery and imaging.

4

1.3

Applications of MSNs
While there are many areas where MSNs find applications,18-21 this dissertation focuses

on two particular areas: optimization of MSNs for use in biomedical applications, and
development of an MSN-based library of materials to examine environmental impacts of
engineered nanomaterials (ENMs). In medicine, MSNs can be used as diagnostic tools and also
for therapeutics through delivery of therapeutic agents from the porous framework. As drug
delivery vehicles, MSNs offer advantages over intravenous, systemic injection of therapeutics,
particularly in the delivery of cancer chemotherapeutics. Since the drug molecules are contained
within the porous network and isolated from systemic circulation until reaching the tumor site,
the side effects of systemic chemotherapeutic treatment can be reduced or eliminated. In
environmental applications, nanomaterials can be used for environmental remediation,12-13 but
key in understanding nanomaterials in the environment is examining interactions between
nanomaterials and environmental lifeforms. These types of toxicity studies are important since
more consumer products contain nanomaterials, but the safety of nanomaterials, both for
personal use and once the products are disposed of and exposed to the environment, has not yet
been fully examined.
1.4

MSNs in Biomedical Applications
Delivering cancer drugs is inherently difficult. There is a real need for developing better

methods of anticancer drug delivery. Some of the most potent drugs are hydrophobic, and are
thus undeliverable by traditional clinical methods. Modification of these drugs to increase
solubility in water often decreases the cancer cell killing ability of these drugs.22-23 The nonspecificity of drugs used clinically leads to high toxicity in healthy and cancer cells alike, and
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patients experience side effects consistent with introduction of a toxin into the bloodstream. One
option for improved, specific drug delivery to cancer cells is by using MSNs.
Magnetic-core silica nanoparticles (Mag@MSN) have been fabricated with thermallyresponsive machines attached to their surfaces. The water-soluble drug doxorubicin was loaded
into the nanopores, and the system was examined in breast cancer cells, MDA-MB-231. When
exposed to an oscillating magnetic field, local heat generation induced the function of the
molecular machinery, such that doxorubicin stored in the nanopores was released into the cancer
cells, causing cell death.24 This design produces a noninvasive method for activating the
nanomachines remotely, keeping the drugs contained within the nanopores until the external
application of the oscillating field.
Mag@MSNs have also been examined with respect to imaging techniques. Since iron
oxide nanocrystals have been shown to improve T2 contrast on MRI, T2-MRI contrast was
examined using Mag@MSNs.25 While the addition of the silica diminishes the contrast slightly,
compared with bare iron oxide nanocrystals not encapsulated within silica, dark T2-weighted
contrast is still observed. This observation indicates that Mag@MSNs could be used to deliver
drugs using molecular machines, and to monitor disease progression using MRI, resulting in a
theranostic (therapeutics + diagnostics) nanomaterial.
1.5

MSNs for Evaluating Environmental Impact
With advances in nanotechnology and ENMs being incorporated into consumer and

industrial products, it is important to understand the impact these products may have on human
and environmental health. Thus, there are two major considerations from an environmental
health and safety (EHS) perspective, namely the interaction of ENMs with humans and the
possible effects on a wide range of organisms and lifeforms in the environment. The University
6

of California Center for the Environmental Implications of Nanotechnology (UC CEIN) is
attempting to identify the ENM properties that could lead to hazard generation at relevant levels
of the nano-bio interface, which can be defined as interactions of ENMs with biomolecules, cell
membranes, the cellular interior, organisms, tissues, organs, populations, ecosystems, etc.26 The
Center also envisages using this knowledge of potentially hazardous material properties to design
and synthesize materials in which those properties can be modified to be less toxic. Identification
of hazardous ENM properties presents a considerable challenge because of the large number of
materials being produced and the demonstration that more than 16 physicochemical properties
could potentially contribute to hazardous interactions at the nano-bio interface. This includes
properties such as chemical composition, size, shape, aspect ratio, surface charge, redox activity,
dissolution, crystallinity, surface coatings, and the state of agglomeration or dispersal. The injury
that may result at the level of membranes, proteins, DNA, organelles, interstitial spaces, the
circulation and a variety of tissues and organs could manifest in pathology, disease, and an
adverse environmental impact at a variety of different trophic levels. One approach to probe the
number of newly emerging ENMs and their wide range of properties is by using a highthroughput screening (HTS) platform that utilizes nanomaterial libraries exhibiting a range of
compositions and combinatorial properties to study their relationship to specific injury responses
that are amenable for study at the nano-bio interface. It is also important to find ways of linking
this information at the in vitro level to biological injury in vivo so as to develop a predictive
toxicological paradigm that maintains correct balance at the rate of knowledge generation at the
biomolecular and cellular level verses more relevant but costly experiments in more complex
organisms. Thus, UC CEIN has advocated the development and introduction of high-throughput
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technology to expedite the toxicological assessment of ENMs as compared to traditional
toxicological approaches studying one material at a time.
With a view of developing a predictive toxicological model, CEIN’s initial attempt was
to establish a small metal oxide library that would be introduced in the center to develop
harmonization of protocols for ENM physicochemical characterization, implementation of highthroughput screening, fate and transport studies, and to study the toxicological effects in different
environmental organisms and aquatic environments (Figure 6).
At the UC CEIN, we have developed strategies for examining the toxicity and potential
environmental impact of ENMs. This methodical study, as outlined in Figure 6, allows us to
assess potential hazards by first examining toxic effects using a HTS assay with mammalian
cells. Once the potential risks were determined by this method, ENMs were distributed to various
groups within UC CEIN for further testing. Studies using aquatic organisms, plant life, and
higher organisms broaden our knowledge of the risks of ENMs in the environment. Using this
information, we can then develop combinatorial libraries using synthetic strategies that allow us
to tailor ENMs toward examination of specific structural properties. These combinatorial
libraries with precisely controlled properties allow us to gain mechanistic understanding of the
nano-bio interface.
In creating combinatorial libraries, structure-activity relationships of ENMs can be
evaluated and compared to environmental toxicity. Panels of ENMs can be created in order to
emphasize a particular characteristic, and the toxic profiles can be examined. Systematic
examination of toxicity as it relates to these defined structure-activity relationships allows for the
development of synthetic strategies for nanomaterials that can be designed to be safer.
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1.6

Overview of the Dissertation
In this dissertation, I will discuss my two major research aims: use of MSNs for

biological endpoints, and use of MSNs for environmental endpoints. I will demonstrate the
utility of MSNs in delivering anticancer and tuberculosis drugs, as well as the toxicity of these
materials in cells and animals, and in the environment. In chapter 2, I will discuss targeted
delivery of cargo molecules to cells using covalent attachment of proteins to the MSN surface.
Chapter 3 will focus on the synthesis and function of surface-attached molecular machines that
operate using light to stimulate cargo release in abiotic systems, and two surface-attached
molecular machines that utilize changes in pH for operation. Chapter 4 will discuss two
variations of MSNs (mechanized and unmechanized) that were used to deliver tuberculosis drugs
to macrophages in order to kill the M. tuberculosis bacterium. In chapter 5, I will focus on the
synthesis of a new type of materials, silica nanoparticles with a magnetic core, for thermal and
imaging applications. Chapter 6 describes the synthesis of a new thermally-responsive valve, the
redesign of magnetic silica nanomaterials for improved biodistribution and bioavailability, and
the magnetic-core silica nanoparticles for further biological studies. Chapter 7 focuses on the
toxicity and environmental impact of engineered core-shell silica nanomaterials, and of
engineered silver nanoparticles in aquatic organisms. Chapter 8 will conclude the dissertation
and discuss future research aims.
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1.7

Figures and Schemes

Figure 1. Timeline showing the evolution of MSNs, where each circle represents a landmark
MSNP with the solid support and stimulus used to release the cargo, and which studies the
MSNPs were subjected to. Research in MSNs as supports for cargo delivery began in 2001 with
the demonstration that supramolecular machines operate on and within glass in a manner similar
to that in solution, and progressed to incorporating a variety of machines both on and in MSNs.
Several kinds of stimuli have been used to release cargo molecules from MSNs, including redoxactivation (2004), increasing the basicity (2006), irradiation (2007), and increasing the acidity
(2009). All MSNs have been subjected to release experiments in solution to confirm their
operation, and some have progressed to in vitro (2008) and in vivo (2010) testing.

10

Figure 2. Graphical representation showing the individual components of a typical MSN, with a
mesoporous silica nanoparticle (diameter, approximately 200 nm) used as the solid support.
Typical MSN systems have nanopores of approximately 2 nm in diameter, which are optimal for
the storage and delivery of small molecule dyes and drugs.
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Scheme 1. Synthesis of mesoporous silica nanoparticles (MSNs). A surfactant templating
molecule (cetyl trimethylammonium bromide, CTAB) is added to water. The micelles form
tubular structures, which arrange in a two-dimensional hexagonal pattern. After the silica
precursor (tetraethyl orthosilicate, TEOS) is added, silica deposits around the micelle network,
forming a porous silica framework. The templating agent can be removed through various
extraction methods, leaving vacant pores that can be used to store fluorescent dyes or small
molecule drugs for delivery.
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Figure 3. Co-condensation technique for adding functionality to MSNs. The molecule of interest
is first combined with a molecule containing an alkoxysilane group, and added after micelle
formation, but before addition of the silica precursor. The alkoxysilane group situates along the
outer micelle surface, and the molecule inserts into the micelle. In the case of the fluorescentlylabeled MSNs, fluorescein isothiocyanate (FITC) is added to 3-aminopropyl triethoxysilane,
which is added into the CTAB solution. The FITC group inserts into the micelle such that when
the TEOS is added and the silica nanoparticles form, the fluorescent tags are embedded within
the silica framework along the pore walls. Since MSNs are optically transparent, the particles can
be observed using fluorescent microscopy and monitoring fluorescein emission. The confocal
microscope image shows uptake of the fluorescently-labeled MSNs (green) into cells (no color).
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Figure 4. Post-synthetic grafting of functional groups onto the MSN surface. In this technique,
MSNs are functionalized at the surface by reaction with trialkoxysilanes (R=alkyl, typically
methyl or ethyl). Any number of functional groups (X=functional group of interest) can be added
by condensation of commercially available alkoxysilanes. These functional groups include
amines, carboxylic acids, aromatics, thiols, and many others.
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Figure 5. Synthesis of MSNs containing iron oxide nanocrystals at the core. The previously
established MSN synthesis is modified by adding oleyl amine-capped nanocrystals into the
surfactant solution. These nanocrystals are stabilized in the CTAB since the hydrophilic tail
groups associate with the oleyl amine surface groups on the nanocrystals, leaving the hydrophilic
head groups situated on the outer surface. The nanocrystals are now stable in aqueous solutions
and the synthesis is carried out as before, by base catalyzed hydrolysis and condensation
reactions after addition of the silica precursor. A TEM image shows that discrete silica
nanoparticles are obtained, in this case with iron oxide nanocrystals at the center of the MSNs.
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Figure 6. A strategy for determining the toxicity of various nanomaterials. Libraries of materials
are first characterized to establish the properties of the materials. After HTS toxicity screening,
the data can be analyzed and displayed as a heat map, with increasing fluorescence signals seen
in yellow and red corresponding to increased toxicity. At the same time, the mechanism of
toxicity will be determined and linked to the physicochemical properties of nanomaterials.
Nanomaterials are then prioritized with regards to further toxicity screening. Model organisms in
various trophic levels will be used to examine the toxicity of nanomaterials. This information
will be used to build the structure-activity relationships established using cell studies and
confirmed in vivo, new materials can be synthesized based on safe design principles. These new
materials are added to the combinatorial libraries, and tested to verify the hypothesized reduced
toxicity.
16
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Chapter 2

Attachment of Transferrin to MSNs for Cell Targeting

This manuscript is adapted with permission and excerpted from:
D.P. Ferris, J. Lu, C. Gothard, R. Yanes, C.R. Thomas, J.C. Olsen, J.F. Stoddart, F. Tamanoi,
J.I. Zink “Synthesis of Biomolecule-Modified Mesoporous Silica Nanoparticles for
Targeted Drug Delivery to Cancer Cells.” Small 2011, 7, 1816-1826. Copyright 2011,
John Wiley and Sons.
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2.1

Introduction
Derivatization of nanoparticles for targeted drug delivery is an important and challenging

aspect of current research. Directing particles to diseased cells will dramatically increase the
efficiency of nanoparticle drug delivery systems as well as lower the exposure of healthy cells to
toxic materials. Other benefits include potentially decreasing side effects and reducing the need
to metabolize large quantities of both drug molecules and the nano-delivery system.1,2 Therefore,
to make the nanoparticle based drug delivery systems “smarter”, molecules that signal a cellspecific response need to be incorporated into the nano-architecture.
Multifunctional mesoporous silica nanoparticles (MSNs)3 provide a versatile platform to
contain and release small molecules4-6 because they are non-toxic, robust and have been shown
to effectively deliver drugs both in vitro and in vivo.6, 7-9 However, cellular targeting of MSNs
has been sparse with most published methodologies utilizing small molecule targeting such as
folate to provide cell selectivity.10,11 A different approach is to attach proteins to the particle
surface to interact with specific cell protein receptors. To provide MSNs a cellular signal to
mediate particle endocytosis, we chose transferrin (Tf) to interact with the transferrin receptor
(TfR). The transferrin receptor is a transmembrane-carrier protein for transferrin, a 55 kD blood
plasma protein for iron ion delivery.12 TfR is up-regulated in almost all types of cancers
compared to normal cells.13-14 Therefore, Tf has been utilized as a targeting molecule for drug
delivery with liposomes, polymers, viruses, emulsions and other types of nanomaterials.1, 16-23
However, it is not known if Tf can be covalently bound and remain an effective targeting agent
for large, solid MSNs. Decorating MSNs with large proteins without disrupting the particle’s
drug delivery function or the active site of the Tf protein such that it maintains cell receptor
recognition provides a synthetic challenge.
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In this study, we demonstrate successful binding of Tf to MSNs in order to facilitate
enhanced MSN uptake into two cancer cell lines (PANC-1 and BT-549) resulting in increased
cell death. Tf was covalently attached to the fluorescein-modified mesoporous silica nanoparticle
(FMSN) platform6, 24 by condensation of 3-glysidoxypropltrimethoxysilane (3-GPTMS) onto the
particle surface, followed by reaction between the lysine residues of the Tf and the epoxidemodified particles.25 Tf modification of the particles was confirmed by staining with Coomassie
Blue and analyzed by absorption spectroscopy. Cellular uptake of the Tf-attached fluoresceinmodified mesoporous silica nanoparticles (Tf-FMSNs) was monitored by fluorescent microscopy
and toxicity was determined by examining cell viability after nanoparticle treatment. The
mechanism for particle uptake was elucidated by overexpressing TfR with a plasmid DNA in
human fibroblast cells that do not strongly express the TfR, resulting in an increase in receptivity
towards the Tf-FMSNs. Finally, Tf-FMSNs were examined as drug carriers and were found to
inhibit cancer cell survival to a greater degree when the targeted MSNs were utilized and when
TfR expression was increased on the cancer cells.
From this work, we demonstrate for the first time the integration of robust mesoporous
silica nanoparticles with a biological agent capable of targeting the nanoparticles to specific
cancer cells that express high levels of transferrin receptor, including breast cancer and, more
uniquely for nanoparticle-based drug delivery, pancreatic cancer.20,
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The targeting was

demonstrated by enhanced intracellular internalization of fluorescent nanoparticles as well as
delivery of the hydrophobic anticancer drug Camptothecin.27 Integration of these aspects will
lead to systems with refined cancer cell selectivity properties as well as biological integration to
increase circulation time and bioaccumulation of MCM-41 based nano-vectors.
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2.2

Design and Synthesis of Transferrin-Derivatized Fluorescent Mesoporous Silica

Nanoparticles (Tf-FMSNs)
The preparation of the transferrin-derivatized fluorescent mesoporous silica nanoparticles
(Tf-FMSNs) present a challenge because four objectives must be achieved simultaneously: two
different molecules, the fluorescent dye and the targeting protein, must both be attached to the
silica nanoparticle; the linker that is used to attach the protein and the particle must only react
with the protein and the particle; the protein must be exposed on the surface in a manner such the
receptors on the cells recognize it; and the entire system must not interfere with the loading and
the release of the anticancer drug. In the successful multifunctional nanoparticle described in this
paper, fluorescein was chosen as the fluorophore, transferrin as the targeting protein, 3glysidoxypropyltrimethoxysilane as the molecule linking the silica surface and the protein, and
Camptothecin (CPT) as the anticancer drug. Each of these components presents a unique
attribute, but assembling them to function with their intended purpose posed a synthetic
challenge. To covalently bind the protein, the 3-glysidoxypropyltrimethoxysilane must be
condensed onto the surface of the silica, but the reactivity of the epoxide functional group means
that it can be inactivated towards protein addition if put in the presence of a nucleophile,
including hydrolysis in aqueous media. Tf is a well-known protein that can regulate cell-selective
uptake, but it needs to be attached covalently to the particles and be in its active conformation in
order to regulate this process. Camptothecin has the advantage of being controllably released
inside cells without the need for a gatekeeper,6, 28, 29 but its insolubility in water means it cannot
be loaded in the presence of the Tf or the solvent will denature the protein.
The following approach was used to generate the viable protein targeted nano-vector.
First, the silica particles were synthesized by co-condensing the silica precursor with fluorescein
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isocyanate and the templating surfactant, and then modified by 3-glysidoxypropyltrimethoxysilane. Next, the particles were loaded with CPT in anhydrous dimethylformamide
(DMF) under nitrogen, then dried under vacuum. This method enabled the drugs to diffuse into
the particle’s mesoporous network, but the conditions did not provide a nucleophile to attack the
epoxide modification. Finally, the drug-loaded epoxide-modified particles were reacted with the
Tf in HEPES buffer, washed and allowed to age in the aqueous buffer in order to remove excess
protein as well as hydrolyze any unreacted epoxides.
FMSN Production and Characterization. To generate the Tf-FMSNs, fluorescein-modified silica
nanoparticles were prepared. Cetyltrimethylamonium bromide (CTAB) was used as the
templating agent to generate the two-dimensional hexagonal array of tubular pores. The
procedure follows previously cited methodologies where co-condensation of fluorescein
isothiocyanate (FITC) was used to make the FMSNs.6,9 FITC was chosen instead of other
fluorophores because its 520 nm green emission does not overlap with the fluorescence of other
dyes used in the cell uptake experiments. A phosphonate surface modification of the particles
was included in this step in order to maintain particle suspension without aggregation in buffered
solutions.30 The CTAB templating agent was removed after synthesis of the particles using acid
extraction techniques to expose the porous network for cargo loading.
The structure of the FMSNs was characterized using transmission electron microscopy
(TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), dynamic light scattering
(DLS) and infrared spectroscopy (IR). TEM images show that individual particles, ranging in
size from 50 to 150 nm in diameter were produced (Figure 1-1). SEM shows that the material is
relatively uniform in particle size and shape (Figure 2). Low-angle XRD patterning shows that
the particles after extraction are mesoporous with a 2θ of 2.16, and a d-spacing of 4.0 nm
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(Figure 3). DLS showed that particles in nano-filtered water have an approximate hydrodynamic
radius of about 190 nm after extraction (Table 1). IR after the solvent extraction shows the
absence of the C-H stretches of CTAB at 2900-3000 cm-1, indicating CTAB removal (Figure 4).
Epoxide Modification and Drug Loading. After characterizing the FMSNs, their surfaces were
modified with 3-glysidoxypropyltrimethoxysilane by condensation in toluene to provide the
particles with reactive groups that will covalently bond to the transferrin protein. Camptothecin
was then loaded into the particle’s mesoporous network by dissolving the drug (4 mg/mL) in dry
DMF and soaking the particles for two hours. The particles were immediately dried under
vacuum for two days in order to concentrate the drug into the pore structure of the FMSNs as
well as to remove any DMF from the sample. Drug loading was omitted if the particles were to
be used for cellular uptake studies and included if the particles were to be used for cell killing
assays.
Transferrin Attachment. The final step in the synthesis requires the covalent attachment of the
transferrin to the particle surface through the reaction of the epoxide with the primary lysine
amines on the transferrin. The particles were suspended in a buffered solution containing
transferrin for 12 hours and unreacted adsorbed protein was removed via copious washing and
sonication.
After the Tf-FMSNs were prepared, characterization was initially performed using TEM
(Figure 1). Before the transferrin modification, the FMSNs show porosity through the particles
(Figure 1-1). However, after the Tf modification, the particles appear to have dark spots, which
are most likely an effect of the surface modification by Tf (Figure 1-2). The same results were
observed on all Tf-modified samples, but not on any sample without protein, thus leading to the
conclusion that the effect is a result of the protein. Dispersibility of the particles was studied
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using dynamic light scattering (DLS). The hydrodynamic radius of the particles after the surface
modification with Tf increased to about 230 nm, but the single peak indicates that the particles
are well distributed and not aggregated (Table 2). Interestingly, later investigation found that
when particles without the phosphonate surface were modified by protein, particle suspendability
increased dramatically, indicating that the protein itself also prevents aggregation (Figure 5).
The verification of the protein surface modification of the particles was carried out using
a protein staining technique and absorption spectroscopy (Figure 6a). The presence of the Tf on
the particles was confirmed by protein staining with Coomassie Blue and analyzing for the
absorbance at 595 nm (modified Bradford assay). When Tf-FMSNs are suspended into the
Coomassie Blue solution, the protein absorbs the dye resulting in an increase in absorbance at
595 nm. If the amount of particles is increased, the absorbance at 595 nm is increased
proportionally. Particles without protein do not shift the absorbance maxima to 595 nm from 650
nm as observed for the Tf-FMSNs (Figures 6b, 7). This result leads to the conclusion that the
transferrin that is attached to the particles causes the shift to 595 nm. To demonstrate that the
protein is attached to the FMSNs, a suspension of the Tf-FMSNs were analyzed with results
displayed in Figure 6c. The vial on the left shows the Coomassie Blue stock solution. The vial in
the middle shows the color change caused by the shift of the band maximum to 595 nm when TfFMSNs are suspended in the Coomassie Blue solution. To elucidate the location of the blue color,
the solution was centrifuged and the supernatant separated from the particle (left side of Figure
6b). The supernatant of the Tf-FMSNs Coomassie solution retains the green color of the starting
stain, indicating that no protein is present in the liquid. The Coomassie stained Tf-FMSNs retain
the deep blue color, indicating that the protein is directly associated with the particles. These
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results in Figure 6 indicate that the observed color shift is a result of the protein on the particles
and not an effect of the particles themselves.
The presence of Camptothecin in the pores and the amount loaded into the particles were
determined by dissolving the drug from the Tf-FMSNs in organic solvent and measuring the
absorption spectrum of the isolated supernatant. The particles were washed in DMSO for 15
minutes followed by centrifugation and analysis of the supernatant. The characteristic spectrum
of CPT is observed in the supernatant (Figure 8) and the concentration calculated by Beer’s law.
The loading of CPT for the protein-modified samples gives a value of 0.7% CPT by weight and a
resulting concentration on the Tf-FMSNs of 17 nmol CPT per mg of particles.
2.3

Enhanced Cellular Uptake of Tf-FMSNs Mediated by the Transferrin Receptor
The effect of transferrin derivatization of MSNs on the uptake by cells with and without

transferrin receptors was studied in vitro using both cancer and normal human cell lines. The first
experiments were designed to examine the uptake of the unmodified FMSNs by three cell lines.
A human pancreatic cancer cell line PANC-1, a human breast cancer cell line BT-549, and a
human foreskin fibroblast cell line HFF, were incubated with FMSNs for 24 h and then washed
with phosphate-buffered saline (PBS) solution to remove the nanoparticles that were not taken
up by cells. Fluorescent microscopy showed that the FMSNs (green fluorescence) were located
within the cells and not on the cell membranes (red fluorescence, WGA-Alexa Fluor 594 stain)
(Figure 9b). The particles are not toxic to the cells (as was reported previously)6, 9 and tend to
show a readily measurable amount of uptake by all three cell lines (Figure 9b upper panel).
The effect of transferrin modification on the cellular uptake of FMSNs with these three
cell lines was striking. The expression of TfR on PANC-1 and BT-549 cells was found to be
significantly higher than that of the normal human cell line HFF as determined by Western blot
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with a specific antibody against human TfR (anti-CD71, Sigma) (Figure 9a). Tf-FMSNs were
incubated with these three cell lines and the intracellular internalization of the nanoparticles were
examined with fluorescent microscopy and compared to the results obtained for the untargeted
FMSNs. The transferrin modification on the FMSNs drastically increased the particle uptake by
the PANC-1 and BT-549, but not by the HFF (Figure 9b). These results corroborated the
importance of the overexpression of TfR on the PANC-1 and BT-549 cancer cells, which
facilitates the recognition and binding of the transferrin-modified FMSNs and therefore increases
the intracellular uptake of FMSNs.
Enhanced TfR expression in cells increase uptake of Tf-FMSNs. To confirm that the increased
uptake of Tf-FMSNs by human cancer cells was indeed due to the overexpression of TfR on the
cell plasma membrane, HFF cells were transfected with a TfR plasmid (pAcGP67A-TfR,
Addgene). The enhanced expression of TfR in HFF cells after transfection was confirmed by
western blot with an anti-human CD71 antibody (Figure 10a). Next, the uptake of FMSNs or TfFMSNs in these HFF cells overexpressing TfR was examined. As shown in Figure 10b,
although overexpression of TfR in HFF cells did not change the uptake of FMSNs, much more
Tf-FMSNs accumulated in the HFF cells that were transfected to express the TfR when
compared to that in untransfected HFF cells. These results proved that the enhanced uptake of
Tf-FMSNs in cells overexpressing TfR was mediated by TfR.
Interestingly, even greater uptake of the Tf-FMSNs was observed in the breast cancer
cells, BT-549, by enhancing the expression of TfR in these cells through plasmid transfection.
The same plasmid transfection with Lipofectamine used in the HFF cells was carried out to
enhance expression of TfR in BT-549. The intracellular uptake of FMSNs, with or without
modification of transferrin, in cells with or without transfection, was then examined using
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fluorescent microscopy. As shown in Figure 10c, although transfection with TfR did not
significantly change the intracellular uptake of the underivatized FMSNs in BT-549 cells, the
amount of fluorescent nanoparticles in BT-549 cells transfected with TfR plasmid was enhanced,
nearly fully occupying the cytoplasm space of the cells (Figure 5b). These results further
confirmed that the increased uptake of Tf-FMSNs is due to the enhanced expression of TfR.
The enhanced cellular uptake of Tf-FMSNs by cancer cells suggests that preferential
delivery of anticancer drugs to cancer cell lines that overexpress TfR should occur. Mesorporous
silica nanoparticles were reported to be able to deliver hydrophobic drugs into human cells.4
Therefore the cytotoxicity of FMSNs loaded with a chemotherapeutic drug, Camptothecin
(CPT), in both types cancer cells was explored. As shown in Figure 11a, empty FMSNs and TfFMSNs without CPT loading do not induce any cytotoxicity to the cells, indicating
biocompatibility of FMSNs. However, growth inhibition of PANC-1 cells was observed with
CPT-loaded FMSNs when the concentration of FMSNs is higher than 10 µg/mL, suggesting
delivery of the drug into cells by FMSNs. There was a large increase in the cytotoxicity of
transferrin-modified CPT-loaded FMSNs to PANC-1 cells, which correlated with the enhanced
particle intracellular uptake. These results indicate that the increased particle uptake, caused by
transferrin modification of the FMSNs, delivers more drugs to the cancer cells and thus
preferentially induces more cytotoxicity to cancer cells that overexpress TfR.
It is important to investigate if the observed growth inhibition of cancer cells by the TfFMSNs-loaded anticancer drugs was indeed caused by the apoptosis-inducing ability of CPT,
and whether the enhanced expression of TfR on cancer cells by plasmid transfection would
facilitate more cell killing by increased delivery of anticancer drugs into the cells. The FMSNs or
Tf-FMSNs loaded with CPT were incubated with two varieties of BT-549, one further
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overexpressing TfR by plasmid transfection and one with standard levels of TfR expression.
Both samples were incubated with the Tf-FMSNs for 48 h, and then the cell apoptosis was
examined with a double staining method with propidium iodide and Hoechst 33342. As shown in
Figure 11c, nuclear fragmentation and chromatin condensation were observed in most of the
cells treated with CPT-loaded FMSNs, and similarly in the cells treated with CPT-loaded TfFMSNs. However, an increase in cell death for cells overexpressing TfR treated with CPTloaded Tf-FMSNs was observed, as shown by lower cell survival rates and more nuclear
fragmentation. These results indicate that the enhanced expression of TfR in human cancer cells
further increased the efficacy of drug delivery, inducing more cell death.
2.4

Summary
Mesoporous silica nanoparticles with covalently-bound transferrin preferentially target

human cancer cells that overexpress transferrin receptors. The uptake of the fluorescein-labeled
particles was monitored by using fluorescent microscopy. Particles containing the hydrophobic
anticancer drug Camptothecin were endocytosed and drugs diffused into the cells, leading to cell
apoptosis. To confirm that the increased uptake by human cancer cells was caused by the
overexpression of TfR on the cell plasma membrane, normal cells were transfected with a TfR
plasmid. The increase in expression of TfR in HFF cells after the transfection caused an
enhanced uptake of the Tf targeted nanoparticles (and enhanced cell killing) but did not affect
the uptake of the unmodified nanoparticles. Through protein surface modifications, it is now
possible to consider cell specific targeting on a rigid inorganic framework in order to deliver
drugs and other therapeutics to specific cancer cells.
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2.5

Experimental Methods

Preparation of phosphonated FMSNs. In a 10 mL round bottom flask, 5.5 g of fluorescein
isothiocyanate (FITC, Sigma, 90%) was dissolved in 3 mL of ethanol with stirring. 12 µL of 3aminopropyltriehtoxysilane (3-APTES, Aldrich, 98%) was added to solution and allowed to
react with the FITC for two hours under nitrogen. 2.5 mL of tetraethyl orthosilicate (TEOS,
Aldrich, 98%) was added and allowed to mix into the solution. In another 250 mL round bottom
flask, 0.5 g of cetyltrimethylammonium bromide (CTAB, Aldrich) was added to 240 mL
deionized H2O. 1.75 mL of 2 M NaOH (Fisher) was added to the solution causing the pH to
increase to approximately 12.4 inducing the complete dissolution of CTAB. The solution was
heated to 80 °C while stirring to create a homogenous solution. The fluorescein solution was
added to the basic CTAB solution rapidly inducing particle condensation. 15 minutes after
mixing the two previous solutions, 0.63 mL of 3-trihydroxysilylpropyl-methylphosphonate
(Gelest, 42% in water) was added slowly. This reaction mixture was allowed to stir for an
additional two hours at about 80 oC. Particles were collected by filtration. The filtered cake was
then washed with methanol. The particles were extracted by suspending them in 100 mL of
methanol and slowly adding 5 mL of 12 M HCl (Fisher). The generated particle suspension was
refluxed overnight to remove the CTAB template. Particles are then separated by filtration and
washed with methanol.
Particle Surface Modification. Approximately 100 mg of FITC modified MCM-41 particles were
suspended in 10 mL of toluene, sonicated and then stirred. To this suspension, 4 µL of 3glysidoxypropyltrimethoxysilane (Gelest, 98%) was added slowly. The solution was then placed
under nitrogen and refluxed overnight. Particles were then separated from solution by
centrifugation, washed with toluene and isopropanol, and vacuum dried overnight.
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Drug Loading. 5 mg of Camptothecin (CPT, Sigma, 95%) was dissolved in anhydrous DMF
(Fisher). The CPT solution was added directly to 50 mg of modified particles and stirred in a
round bottom flask under nitrogen for 4 hours. Particles were collected by centrifugation, the
supernatant completely removed, and the particles dried for two days under vacuum to remove
DMF. Presence of the CPT was confirmed by taking a small sample of the dried particles and
suspending them in water with sonication followed by centrifugation. This process was repeated
several times. The material was kept in the water solution overnight, collected by centrifugation
and then suspended in 3 mL of DMSO and examined using absorption spectroscopy.
Protein Modification. For this study, apo-human transferrin (Tf) (Sigma) was covalently attached
to the FITC modified MSNs. Protein solution was prepared by at 2 mg/mL Tf in HEPES buffer
(0.05 M, Sigma). Particles were suspended into 1 mL of HEPES buffer and dispersed by
sonication. After the particle suspension appeared evenly dispersed into the buffer, 1 mL of the
protein-buffer solution was added and allowed to react at room temperature overnight. Tf
samples were wrapped to avoid adverse effects from light exposure. The particles were collected
by centrifugation with supernatant collected and removed for analysis. Particles were then
washed several times with HEPES buffer and sonicated in order to remove any adsorbed protein
and suspended in PBS buffer.
Cell Culture. Human pancreatic cancer-cell line PANC-1 and breast cancer cell line BT-549
were obtained from the American Type Culture Collection. Human foreskin fibroblast cells were
a gift from Dr. Peter Bradley’s laboratory at UCLA. All cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; GIBCO) supplemented with 10% fetal calf serum (Sigma),
2% L-glutamine, 1% penicillin, and 1% streptomycin stock solutions. The media were changed
every three days, and the cells were passaged by trypsinization before confluence.
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Fluorescent Microscopy. The fluorescence of the nanoparticles at an excitation wavelength of
488 nm was used to confirm the cellular uptake of the FMSNs. The cells were incubated in an
eight-well Lab-Tek chamber slide system (Nalge Nunc International) with the nanoparticles and
then washed with PBS to remove the NPs that did not enter the cells. The cells were then stained
with DAPI solution for nuclear and WGA-Alexa Fluor 594 for plasma membrane before being
monitored using the fluorescent microscope.
Western Blot Analysis. Cell lysate was separated by gel electrophoresis on a polyacrylamide gel
containing sodium dodecyl sulfate and then transferred to nitrocellulose membranes. The
membranes were blocked with Tris-buffered saline (TBS) containing 5% (w/v) skimmed milk.
After being washed with TBS containing 0.1% Tween 20 (Sigma), the membranes were
incubated overnight at 4oC with anti-human CD71 antibody (Sigma, C2063) diluted with TBS.
After being washed, the membranes were incubated for 2 h at room temperature with the second
antibody (Santa Cruz Biotechnology). Bands were detected with an ECL system (Amersham
Pharmacia Biotech.)
Cell Death Assay. The cytotoxicity assay was performed by using a cell-counting kit from
Dojindo Molecular Technologies, Inc.4 Cells were seeded in 96-well plates (5000 cells/well) and
incubated in fresh culture medium at 37 oC in a 5% CO2/95% air atmosphere for 24 h. The cells
were then washed with PBS and the medium was changed to a fresh medium containing the
nanoparticles, with or without drug loaded at the indicated concentrations. After 24 h, the cells
were washed with PBS to remove FMSNs that were not taken up by the cells, and the cells were
then incubated in fresh medium for an additional 48 h. The cells were washed with PBS and
incubated in DMEM with 10% WST-8 solution for another 2 h. The absorbance of each well was
measured at 450 nm with a plate reader. Since the absorbance is proportional to the number of
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viable cells in the medium, the viable cell number was determined by using a previously
prepared calibration curve (Dojindo Co.).
Apoptosis Assay. Cell death was also examined by using the propidium iodide and Hoechst
33342 double-staining method. The cells were stained with propidium iodide/Hoechst 33342
(1:1) for 5 min and then examined with fluorescence microscopy.
Plasmid Transfection. Transferrin receptor plasmid pAcGP67A-TfR was purchased from
Addgene. Cell transfection was carried out with PolyFect Transfection Reagent (QIAGEN)
following the protocol provided. Briefly, 1.5 x 105 cells were seeded in a 24 wells plate with
fresh media at 37 °C and 5% CO2 for overnight until the cells reach 40–80% confluent. The
mixtures of 0.8 g or 1.6 g of plasmid DNA dissolved in TE buffer with 50 L cell growth medium
containing no serum or antibiotics and 5 µL of PolyFect Transfection Reagent were Incubated
for 10 min at room temperature. The mixtures were then added to cells. The cells were incubated
with the complexes at 37 °C and 5% CO2 for 24 h to allow for gene expression. The cells were
then harvested for gene expression assay or further cell experiments.
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2.6

Figures

Scheme 1. Depiction of the interaction of drug loaded, transferrin-modified mesoporous silica
particles with a cancer cell. The transferrin (shown in red) is recognized by the cancer cell due to
the overexpression of the transmembrane transferrin receptor (TfR). After the transferrin
interacts with the TfR, the particle is internalized into the cell via endocytosis. Once inside, the
stored drug, Camptothecin (shown in blue), is released from the particle interior. This drug enters
the nucleus, disrupts cell function and eventually induces the cell to undergo apoptosis.
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Scheme 2. Diagram of the method for particle drug loading and protein modification. The MSNs
are first modified with 3-glysidoxypropyltrimethoxysilane, loaded with CPT and subsequently
modified with Tf by the reaction of the epoxide with a lysine residue of the Tf.
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Figure 1. TEM images of Tf-FMSNs. Transmission electron microscopy images of the FMSNs
before (Image 1) and after (Image 2) being surface modified with Tf.
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Figure 2. SEM images of FITC-modified mesoporous silica nanoparticles. The consistent
particle size of about 100 – 150 nm shows that the bulk of the synthesized particles used in this
study are relatively monodispersed.
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Figure 3. XRD pattern after the extraction of the CTAB template from the particle structure
using acidic methanol solution. Retention of the XRD pattern indicates that the bulk material is
still mesoporous and capable of containing cargo within the template. The maximum absorbance
at 2.15 2θ indicates a d-spacing of about 4 nm and an approximate pore diameter of 2 nm. The
nanoparticles’ mesoporous template is generated by the CTAB micelle structure with
condensation of TEOS around the surfactant. Removal of the template is accomplished by acid
extraction (1 M HCl solution in methanol) overnight.
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Figure 4. The IR spectrum of FITC-modified MSNs with phosphonate on the surface, and
CTAB template extracted from the pores of the particle. The absence of the C−H peak at ~2900
cm 1 confirms the removal of the templating surfactant.
−
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Figure 5. Photographs of nanoparticle suspension and sedimentation in water. The protein
modification resulted in a very interesting change in particle dispersibility in water and buffer
when compared to dried, unmodified FMSN. The dry, unmodified silica nanoparticles tend to
quickly settle out of the solution. This effect can be avoided by adding charged phosphonate
groups to FMSN via the attachment of 3-trihydroxysilylpropylmethyl phosphonate (THMP)
during the particle synthesis. These nanoparticles have an increased suspension in aqueous
systems, since the charged groups help to prevent aggregation and precipitation of the
nanoparticles. By taking the same material that precipitates out and covalently attaching
transferrin, the suspendability increases dramatically in comparison to the unmodified particles.
This increase in suspendability is attributed to the protein surface modification that acts much
like the THMP modification where electrostatic repulsion prevents aggregation, resulting in
completely suspended particles for a matter of weeks.
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Figure 6. Coomassie Blue analysis of particles after protein modification. UV-Vis spectroscopy
shows an increase in absorbance at 595 nm for Tf-FMSNs solutions as the amount of particles is
increased (A). When Tf-FMSNs (B-left) are compared to FMSNs (with no protein attached, Bright), the FMSNs do not cause the shift in absorbance to 595 nm, indicating that the particles are
not responsible for the increase at 595 nm. To show that the protein is covalently bound to the
particles, Tf-FMSNs are suspended in the Coomassie stain and then centrifuged down and
separated (C). The particles retain the characteristic blue color of the Tf stained with Coomassie
while the supernatant remains unaffected, indicating the Tf is only present on the particles.
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Figure 7. Absorbance profiles including the absorbance from adding FMSN without protein. The
peak shifts from the 650 nm peak to the 595 nm peak in the presence of protein. However, the
FMSNs do appear to stabilize the 650 nm peak, increasing its absorbance, giving them a bright
green color.
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Figure 8. Absorbance spectrum of the release of Camptothecin (CPT) after loading into the
nanoparticles. Particles are loaded in DMSO and washed with water. After loading, the particles
are tested for drug release by adding a sample to DMSO, mixing for 15 minutes, centrifuging and
analyzing the supernatant using absorption spectroscopy. For this sample, 0.7 mg of particles
were analyzed in a total volume of 3 mL of DMSO. Using this data, the particles were
determined to carry a concentration of CPT equal to 37 nmol/mg of particles, a loading
percentage of 1.3% by weight.
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Figure 9. (A) Expression of TfR on PANC-1, HFF and BT-549 cells. Actin is shown as a
loading control. (B) Fluorescence microscopy images showing the effect of transferrin
modification on the FMSNs (green fluorescence). Cell plasma membranes were stained with
WGA (red fluorescence). Left: HFF cells treated with FMSNs and Tf-FMSNs. Middle: PANC-1
cells treated with FMSNs and Tf-FMSNs. Right: BT-549 cells treated with FMSNs and TfFMSNs. Increased uptake of the Tf-FMSNs was observed in both PANC-1 and BT-549 cells.
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Figure 10. Effect of enhanced cellular expression of TfR on the uptake of FMSNs. (A) Western
blot analysis of expression of TfR on HFF that are transfected with TfR plasmid. Cells
transfected with vehicle is indicated as Control (HFF). The different ratios of plasmid to DNA
are tested. (B) The effect of uptake of FMSNs in the HFF cells (green fluorescence) transfected
with TfR plasmid. Cell plasma membranes were stained with WGA (red fluorescence). (C) The
same experiments were conducted with breast cancer cell BT-549. Uptake of Tf-FMSNs in BT549 was significantly increased by transfection with TfR plasmid. Blue fluorescence shows the
nucleus (stained with DAPI).
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Figure 11. Cell proliferation assays in PANC-1 and BT-549 cells incubated with CPT-loaded
FMSNs or Tf-FMSNs. (A) PANC-1 cells were treated for 48 h with FMSNs (Tf- CPT-),
Camptothecin-loaded FMSNs (Tf- CPT+), nanoparticles modified with transferrin (Tf+ CPT-),
or Camptothecin-loaded nanoparticles modified with transferrin (Tf+ CPT+). The enhanced
uptake of Tf-FMSNs by PANC-1 cells led to an increase in the cytotoxicity. (B) Enhanced
expression of TfR on BT-549 led to more apoptosis in these cancer cells. FMSNs or Tf-FMSNs
loaded with CPT were incubated with BT-549, with or without transfection of TfR, for 48 h, and
then the cells were stained with propidium iodide and Hoechst 33342 mix solution, and imaged
with fluorescent microscope. Nuclear fragmentation and chromatin condensation were observed
in most of the cells treated with CPT-loaded FMSNs and similarly in the cells treated with CPTloaded Tf-FMSNs. However, a remarkable increase in cell death for cells overexpressing TfR
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treated with CPT-loaded Tf-FMSNs was observed, shown by a lower number of surviving cells
and more nuclear fragmentations.
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2.7

Tables

Table 1. Dynamic light scattering data of the CTAB-templated, extracted nanoparticles.
Hydrodynamic radius of the mesoporous silica nanoparticles was determined using a DLS. The
mean particle diameter was determined to be 190.0 nm with a standard deviation of 35.41 nm.
Rept. #

Mean

Std. Dev.

(nm)

(nm)

Rept. 1

193.4

36.28

Rept. 2

191.6

35.76

Rept. 3

185.1

34.19

Average

190.0

35.41

Table 2. Dynamic light scattering data of the CTAB-templated, extracted nanoparticles with Tf
covalently bound. Hydrodynamic radius of the mesoporous silica nanoparticles was determined
using a DLS. The mean particle diameter was determined to be 233.5 nm with a standard
deviation of 39.71 nm.
Rept. #

Mean

Std. Dev.

(nm)

(nm)

Rept. 1

225.6

41.23

Rept. 2

235.2

40.49

Rept. 3

239.8

37.42

Average

233.5

39.71
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Chapter 3

Novel Molecular Machines for Cargo Delivery
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3.1

Introduction
Mesoporous silica nanoparticles (MSNs) are versatile platforms for delivering cargo

molecules in organic and aqueous systems.1-6 Various small molecule cargos can be loaded into
the interior of the pores along a concentration gradient, and when the pore openings are blocked,
the cargo can be contained within the pores. The surface of MSNs can be easily derivatized with
functional groups by the condensation of functional alkoxysilanes with the surface hydroxyl
groups. A useful type of functionality that can be attached to MSNs is the attachment of
molecular machines. These molecular machines consist of a molecular stalk attached to the MSN
surface and a cyclic group encircling the stalk to form an inclusion complex. This bulky cyclic
group prevents any contained cargo from leaking out of the pores and into the surrounding
solution. In this manner, a cargo delivery system is created when the molecular machines can be
un-capped and the contained molecules can diffuse out of the MSN pores. This system can also
be used to deliver drug molecules in cells and animals.4,6-8 The small particle diameter (~100 nm)
is appropriate for cell uptake through endocytosis into the lysosomal compartments of cells. The
pore diameter (2 nm) is ideal for loading a number of small molecule drugs. When combined
with molecular machines that have biologically relevant mechanisms of opening, MSNs can be
used as drug delivery systems.
One stimulus that has been examined for drug delivery with MSNs is irradiation with
light.9-11 This allows for on-command release of drug molecules at a specified time, since cargo
release will only occur when the light is shone on a sample of the nanoparticles. This study, in
part, details one particular light-activated nanomachine attached to the surface of MSNs,
including its structure, function and efficiency for cargo delivery.
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Another biologically relevant stimulus is pH change. Internal compartments of cells such
as lysosomes have lower pH than the blood. By synthesizing nanomachines that are closed at
neutral blood pH, but un-cap at lower lysosomal pH values, an autonomously opening system
can be created. Two such systems responsive to acidic pH will also be discussed.
3.2

Design and Function of a UV-Light Activated Nanomachine
Previous systems have been described that use light activation to deliver drug

molecules.10,12,13 Light as an activation method for biological applications is useful because it can
be externally and directionally applied in a focused area. Due to the shallow tissue penetration
depth of the ultraviolet and visible spectrum, many light-activated drug delivery systems are best
for surface applications, when the tumor is at or just below the surface of the skin. To investigate
the use of light to deliver drug molecules, a light-responsive molecular machine was designed
(Figure 1). The molecular thread (Figure 1a) is attached to the surface of the MSN (Figure 1b)
by first functionalizing the MSN surface with azide groups, then by attaching an alkyne-modified
thread molecule via a 1,3-dipolar cycloaddition14 (Scheme 1). In this system, light-activation is
achieved through nitrobenzyl photo-cleavage (Figure 2).15.16 As shown in previous studies,
photo-cleavage products were seen within 4 minutes of irradiation at 350 nm.15
Before assembling the machine on the MSN surface, the function of the molecular thread
(structure shown in Figure 1a) in solution was examined using absorption spectroscopy and the
reaction was followed with nuclear magnetic resonance spectroscopy. The absorbance spectrum,
shown in Figure 3, shows a maximum absorbance of the thread molecule at 258 nm. Since the
molecular thread is light-responsive, a solution of the thread in chloroform was exposed to light
and the solution was characterized by absorption and NMR spectroscopy. When the thread is
exposed to 257 nm light in solution, conversion to the cleavage products can be monitored by
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formation of o-nitrosobenzaldehyde (Figure 4 shows the photo-cleavage reaction that occurs for
the molecular thread when exposed to 257 nm light). A sample of the thread molecule dissolved
in deuterated chloroform was placed in a quartz cuvette and irradiated with 257 nm light at 45
mW. Photo-cleavage products were monitored using NMR after 2, 5, 10, 60, 120, and 240
minutes of irradiation. After 4 hours of irradiation, 84% of the starting molecular thread had been
consumed. However, the relative conversion to the photo-cleavage products was only 30%, as
determined by integration of key peaks in the NMR spectra (Figure 5), indicating a low quantum
yield for the photo-conversion reaction. This rate of conversion matches closely to previously
published data indicating a quantum efficiency of Φ = 0.45 for o-nitrobenzyl alcohol,16 an analog
of the molecular thread. To determine whether a higher power could facilitate more complete
conversion, similar studies were performed using 257 nm light at 80 mW, but after 120 minutes
of irradiation, only 35% conversion to photo-cleavage products was observed (Figure 6).
Absorption data confirms formation of the photo-products, as the peak at 258 nm disappears with
longer exposure of the molecular thread in solution to 257 nm light at 45 mW (Figure 7a).
Additionally, a peak at 316 nm grows over time due to the formation of o-nitrosobenzaldehyde,
one of the photo-products (Figure 7b).17 These results demonstrate that the light-activated
molecular thread is operational in solution using 257 nm light, and that the reaction is not powerdependent since a power increase by a factor of nearly 2 only increases the amount of photoproducts observed in solution by 5%.
In order to examine the usefulness of this light-activated nanovalve for drug delivery, it is
important to begin by determining the function of the nanovalve in water. Aqueous release was
determined by using the fluorescent dye Rhodamine B as the cargo molecules in the assembled
MSN system. As shown in Figure 8, samples to test release are prepared by placing a sample of
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dried nanoparticles in the corner of a quartz cuvette, then slowly adding water so the
nanoparticles aggregate in the corner. A small stir bar is added to disperse diffusing dye. One
laser is used to probe the supernatant above the particles to detect Rhodamine B release. A
second laser is used to activate the nanovalves on the MSN surface. Release curves are plotted as
fluorescence intensity of the dye as a function of time, where an increase in the slope of the line
indicates that increasing amounts of dye is being released from the particles.
The release profile of the light-activated nanoparticle system (Figure 9a, solid traces)
shows only small changes in fluorescence intensity, indicating limited release of Rhodamine B
fluorescent dye from the pores. When the first nanovalve thread (Figure 9b) is redesigned to
have two dimethoxy groups on the benzene ring, the system is less leaky, as observed by a flatter
baseline (Rhodamine B release in the absence of the activating 257 nm light). However, release
for the re-designed, dimethoxy system (Figure 9a, dashed traces) is slower than the original
design for the light-activated nanovalve.
The limited release can be attributed to several factors. First, the efficiency of conversion
to photo-products in solution for the original design (Figure 9b) is 30-35%, and the published
quantum efficiency for photocleavage of a similar molecule is Φ = 0.45.16 For the second thread
molecule examined (Figure 9c), no solution-based studies to determine photo-conversion were
examined, but the quantum efficiency for conversion to photo-products is reported as Φ = 0.07.16
Furthermore, silica begins to absorb light near the wavelength used for photo-excitation. It is
suggested that only the MSNs at the outside of the nanoparticle “clump” receive photostimulation due to light absorption and blocking by the MSNs. This system is an unlikely
candidate for drug delivery applications due to the high-energy light required, and the limited
cargo delivery efficiency.
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3.3

Two Acid-Responsive Nanovalves Based on Rotaxanes
Though the guest molecules in CB[6] based mesoporous silica can be efficiently released

in low pH environment,18 we found that this valve possesses a cross reaction to molecular stimuli
in addition to acid when used in a biological system. Namely, some biological molecules such as
phospholipids can also trigger extracellular cargo release. When the pseudo-rotaxane acid valve
contacts phospholipids, a main component of mammalian cell membranes, cargo gradually
releases. The phospholipid-induced release may directly cause the failure of acid-controlled
release, since the nanoparticles will primarily contact the cell membrane before being taken up
into acidic cellular organelles (lysosomes and endosomes). Therefore, the original CB[6] based
nanovalve was further chemically modified by adding two methoxy groups at the end of
molecular thread structure (Figure 10). Due to the steric hindrance effect, the phospholipidinduced release is significantly inhibited using new machine (dimethoxy-CB[6] nanovalve). The
ion–dipole interaction between CB[6] and bisammonium stalks allowed the CB[6]-MSN to be
controlled by lower pH value in aqueous system. The cargo, cellular stain Hoechst 33342, was
loaded into CB[6]-MSNs to measure the release of guest molecular in acidic environment in
water. Control experiments without changing the pH value were also performed, and at neutral
pH cargo is not release from the system. However, in water, the loaded Hoechst 33342 dye can
be released from CB[6]-MSNs in presence of acid. As shown in previous studies,18 loaded
Hoechst 33342 dye can be also released from CB[6]-MSNs by phospholipids (e.g. DOPC and
DPPC) due to competitive binding between CB[6] and phospholipids.
To solve this problem of extracellular release from phospholipid competitive binding, the
nanomachine was redesigned. Two methoxy groups at the meta positions on the molecular thread
were added at the end of stalk structure to provide steric bulk and prevent the CB[6] from being
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removed from the molecular thread in the presence of acid. In this full rotaxane acid valve, the
CB[6] can be situated at the C4 binding region close to the MSN surface, or at the C6 binding
region near the dimethoxy stopper on the thread (Figure 10). Since the two methoxy groups
prevent the CB[6] from de-threading and being released into solution, phospholipid competitive
binding is inhibited (Figure 11).
3.4

Summary
Two classes of nanomachines have been designed and tested. The first class of machines,

light-activated nanomachines, operate under application of high-energy UV light. Abiotic studies
demonstrate that the machine operates as expected, though the quantum efficiency is low. A
photo-physical study of the cleavage products demonstrates successful function of the nanovalve
thread operating in solution. However, the low quantum efficiency combined with the shallow
tissue penetration of UV light limits the biological application this nanomachine in drug delivery
applications outside of surface applications, for example in the treatment of skin cancers.
A second class of nanovalves, acid-responsive nanomachines, have undergone an
evolution of machines to increase the biological compatibility of these systems. A first system
based on a pseudo-rotaxane was developed. Cucurbit[6]uril (CB[6]) binds along a short carbon
chain between two alkylammonium groups. When the nitrogens along the thread are protonated,
binding decreases and the CB[6] moves away from the surface of the nanoparticles. With the
nanopores no longer blocked by the bulky cyclic group, cargo molecules can diffuse out of the
nanoparticles along a concentration gradient. One problem with CB[6]-based nanovalves is that
the cyclic group binds competitively with phospholipids. Thus, in biological systems, there is
release of cargo molecules outside of the cells. Since this machine was designed to contain
molecules within the pores until uptake inside of cells, this extracellular release is not ideal. In
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order to circumvent this problem, the acid valve was redesigned such that the CB[6] would not
be removed completely from the nanoparticle surface, but rather move to a second station further
from the nanoparticle surface. In this full rotaxane system, the phospholipid interaction is
decreased, thereby improving the biological compatibility of this re-designed acid valve.
Physical studies demonstrate successful function of the machine in the presence of acid, without
opening of the nanovalve in the presence of phospholipids.
3.5

Experimental Methods

Synthesis of MSNs. To 960 mL water was added 14 mL of 2.0 M NaOH (Fisher) and 4 g
cetyltrimethyl ammonium bromide (CTAB, Aldrich). The solution was heated with stirring to 80
°C for 30 minutes. 17.8 mL tetraethyl orthosilicate (TEOS, Aldrich, 98%) was added and the
mixture remained stirring at 80 °C for 2 hours. The suspension was filtered hot, washed with
water and methanol, and dried in air overnight. To remove CTAB, 3 g of the MSNs were
refluxed in a solution of 160 mL methanol and 9 mL concentrated HCl for 16 hours. The mixture
was filtered and the particles washed with methanol and dried in air overnight.
Synthesis of Nanomachine Thread. Sodium hydride and propargyl bromide were dissolved in a
small amount of N,N’-dimethylformamide (DMF) and cooled to 0 °C. Separately, nitrobenzyl
alcohol was dissolved in a small amount of DMF and add dropwise to the sodium
hydride/propargyl bromide solution. The solution was then allowed to warm to room temperature
and stir overnight. Next, the reaction was quenched with water, and extracted with 4-5 portions
of dichloromethane. The solution was dried over sodium sulfate and solvent was removed by
rotary evaporation. To purify, column chromatography (normal phase silica gel used as
stationary phase) was performed with 7:3 hexanes/ethyl acetate. Fractions containing alkyne
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product were collected, and solvent was removed by rotary evaporation then dried overnight
under high vacuum. Typical yield is 50-60%.
Attachment of Thread to MSN Surface, Loading with Rhodamine B, and Capping with βCyclodextrin. To attach the molecular machine, the MSNs were first functionalized with an
amine functionality. To a suspension of 100 mg MSNs in 10 mL dry toluene was added 22 µL 3aminopropyl triethoxysilane (3-APTES, Aldrich, 98%). The mixture was refluxed overnight with
stirring under nitrogen. The particles were cooled and centrifuged to remove the supernatant,
then washed with methanol and dried. A suspension containing 100 mg of amine-modified
particles, 10 mL methanol, 3 drops triethylamine (TEA, Aldrich, 99%), and 70 mg of tri(ethylene
glycol) monoazide monotosylate was refluxed under nitrogen with stirring overnight. Following
the reaction, the suspension was filtered, the azide-modified particles were washed with
methanol and then water, and dried in air overnight. These azide-modified particles were
suspended in 10 mL of a 2 mM aqueous solution of Rhodamine B (Aldrich, 95%) and stirred at
room temperature overnight under nitrogen. To the dye-loading flask was added 0.48 g αcyclodextrin (α-CD, Aldrich, 98%). The reaction was cooled to 5 °C and stirred overnight. To
this flask was added 10 mL N, N-dimethylformamide (DMF, 99%), 76 mg of alkyne-terminated
molecular thread, 3.2 mg copper sulfate (CuSO4, Aldrich, 99%), 8 mg sodium ascorbate (NaAsc,
Aldrich, 98%). The mixture was stirred for 3 days under nitrogen while at 5 °C. The particles
were then collected by centrifugation, then washed with water until adsorbed dye was removed,
and allowed to dry in air in the dark.
Monitoring Rhodamine B Release Using UV Light Activation. To initiate the photoactive release
of Rhodamine B from the pores of the light-activated nanovalve system, 15 mg of dried particles
were loaded into the corner of a quartz cuvette that was then filled with water such that the
61

particles remain clumped in the corner of the cuvette. The particles were allowed to stir in the
dark to determine leakage of dye from the pores, then the particles were irradiated with light to
stimulate dye release.
Molecular Thread Functioning in Solution. To determine if the alkyne-terminated underwent
photocleavage, a sample dissolved in chloroform-d was irradiated for increments of time using
257 nm or 351 nm light, and the progress of the photocleavage examined by NMR, integrating
the growing aldehyde peak (a photodecomposition product) to the terminal alkyne hydrogen
(unchanged by the photo-activated reaction). To determine whether the photocleavage reaction
may be power-dependent, another study was performed where the power of the laser was
increased from 45 mW to 80 mW. Additionally, a time-dependent absorption study was
conducted. A sample dissolved in methanol was irradiated with 257 nm light. Samples taken at
various time points were examined using absorption spectroscopy using a quartz cuvette.
Synthesis of Pseudorotaxane Acid Valve Thread. The pseudorotaxane acid-responsive nanovalve
thread was prepared and attached to MSNs according to the previously published method of
Angelos, et al.18
Synthesis of Full Rotaxane Acid Valve Thread (Figure 12). All reagents are commercially
available and were used as received unless otherwise noted. High resolution electrospray
ionization (HR ESI) mass spectra were measured on an Agilent 6210 LC-TOF spectrometer. The
reported molecular mass (m/z) values were the most abundant monoisotopic mass peaks. Nuclear
magnetic resonance (NMR) spectra were recorded on a Brüker Avance 500 spectrometer at
298K, with working frequencies of 499.37 MHz for 1H and 125.579 MHz for

13

C nuclei.

Chemical shifts were reported in parts per million (ppm) and coupling constants were recorded in
Hertz (Hz). All

13

C spectra were recorded with the simultaneous decoupling of proton nuclei.
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The following abbreviations were used to explain the multiplicities: s, singlet; d, doublet; t,
triplet; p, pentet; m, multiplet or overlapping peaks.
Synthesis of Compound 1 (Figure 12). 3,5-dimethoxylaniline(5.95 g, 50 mmol) was dissolved in
500 ml dichloromethane (DCM), followed by the addition of Boc-6-aminohexanoic acid (9.50 g,
40 mmol) in an ice bath with stirring. Then 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC, 9.50 g, 50 mmol) and 4-dimethylaminopyridine (DMAP, catalytic amount)
was added. The solution was stirred in the ice bath for 30 min and stirred at room temperature
overnight. Then the solvent was removed by rotary evaporation. The crude product was purified
by column chromatography (silica gel, DCM : MeOH = 95 : 5) to provide compound 1 as a
white solid (11.10 g, 30 mmol). Yield: 78%. 1H NMR (500 MHz, CDCl3, 298K): d 7.42 (brs,
NH, 1H), 6.79 (s, ArH, 2H), 6.22 (s, ArH, 1H), 4.59 (brs, NH, 1H), 3.77 (s, OCH3, 6H), 3.11 (q,
CH2, J3(H,H) = 7.5 Hz, 2H), 2.33 (t, CH2, J3(H,H) = 7.5 Hz, 2H), 1.74 (p, CH2, J3(H,H) = 7.5
Hz, 2H), 1.51 (p, CH2, J3(H,H) = 7.5 Hz, 2H), 1.38 (p, CH2, J3(H,H) = 7.5 Hz, 2H). HRMS
(ESI): m/z: calcd for 367.2233 (C19H31N2O5, [M+H]+), 389.2052 (C19H30N2O5Na, [M+Na]+);
found 367.2222, 389.2043.
Synthesis of Compound 2 (Figure 12). Compound 1 (5.55 g, 15 mmol) was dissolved in DCM
(200 mL) and TFA (20 mL) was added under vigorous stirring. The reaction was monitored by
TLC. After complete deprotection (1-2 h), the solvents were removed by rotary evaporation and
the residue was dissolved in 300 ml ethyl acetate, washed with 0.5 M NaOH (50 mL × 2), water
(50 mL × 2) and brine (50 mL), then dried (Na2SO4) and concentrated under vacuum. After
further drying, compound 2 was obtained as a light yellow solid (2.11g, 7.8 mmol). Yield: 52%.
1

H NMR (500 MHz, CDCl3, 298K): d 8.59 (s, NH, 1H), 7.32 (brs, NH2, 2H), 6.63 (d, ArH,

J4(H,H) = 2.0 Hz, 2H), 6.22 (t, ArH, J4(H,H) = 2.0 Hz, 1H), 3.68 (s, OCH3, 6H), 2.98 (q, CH2,
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J3(H,H) = 6.5 Hz, 2H), 2.35 (t, CH2, J3(H,H) = 6.5 Hz, 2H), 1.68-1.60 (m, 2 × CH2, 4H), 1.36 (p,
CH2, J3(H,H) = 6.5 Hz, 2H). HRMS (ESI): m/z: calcd for 267.1709 (C14H23N2O3, [M+H]+);
found 267.1709.
Synthesis of Compound 3 (Figure 12). Compound 2 (2.11 g, 7.8 mmol) was dissolved in 57 mL
anhydrous THF, followed by addition of succinic anhydride (1.12 g, 11.2 mmol) and
triethylamine (1.7 mL). The solution was stirred at room temperature for 24 h. Then the solvent
was removed by rotary evaporation and the residue was dissolved in ethyl acetate (300 mL),
washed by 0.5 M HCl (40 mL × 3), dried (Na2SO4) and concentrated under vacuum to obtained
compound 3 as a white solid (1.40 g, 3.8 mmol). Yield: 49%. 1H NMR (500 MHz, DMSO-d6,
298K): d 12.10 (brs, COOH, 1H), 9.82 (s, NH, 1H), 7.84 (t, NH, J3(H,H) = 5.5 Hz, 1H), 6.85 (d,
ArH, J4(H,H) = 2.0 Hz, 2H), 6.19 (d, ArH, J4(H,H) = 2.0 Hz, 2H), 3.70 (s, OCH3, 6H), 3.02 (q,
CH2, J3(H,H) = 7.0 Hz, 2H), 2.41 (t, CH2, J3(H,H) = 7.0 Hz, 2H), 2.30-2.25 (m, 2 × CH2, 4H),
1.56 (p, CH2, J3(H,H) = 7.0 Hz, 2H), 1.40 (p, CH2, J3(H,H) = 7.0 Hz, 2H), 1.27 (p, CH2, J3(H,H)
= 7.0 Hz, 2H). HRMS (ESI): m/z: calcd for 367.1869 (C18H27N2O6, [M+H]+); found 367.1871.
Synthesis of Compound 4 (Figure 12). LiAlH4 (3.8g, 100 mmol ) was dispersed in 100 mL
anhydrous THF (100 mL) in a 3-necked flask which is put in the ice bath and under a flow of
nitrogen gas. Compound 3 (3.67 g, 10 mmol) was dissolved in anhydrous THF (150 mL) and
injected in to the flask under stirring. Then the temperature was increased to 80℃ and the course
of reaction was followed by mass spectra. After complete reduction(24 - 30 h), 4 mL water was
dropped to quench the reaction in an ice bath, followed by the addition of 10% NaOH (2 mL).
Then the mixture was filtered. The filter residue was dispersed into THF (50 mL), stirred for 30
min and filtered again. The filtrates were combined and concentrated under reduced pressure.
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After being dried at 40℃ under vacuum overnight, compound 4 was obtained as a light yellow oil
(1.64 g, 5 mmol). Yield: 50%. 1H NMR (500 MHz, CDCl3, 298K): d 5.86 (t, ArH, J4(H,H) = 2.0
Hz, 2H), 5.78 (d, ArH, J4(H,H) = 2.0 Hz, 2H), 3.75 (s, OCH3, 6H), 3.57 (t, CH2, J3(H,H) = 5.0
Hz, 2H), 3.07 (t, CH2, J3(H,H) = 7.0 Hz, 2H), 2.66-2.60 (m, 2 × CH2, 4H), 1.70-1.35 (m, 6 ×
CH2, 12H). HRMS (ESI): m/z: calcd for 325.2491 (C18H32N2O3, [M+H]+); found 325.2480.
Synthesis of Compound 5 (Figure 12). In a 100 mL round bottom flask, compound 4 (3.61 g, 11
mmol) was dissolved in ethanol (45 mL) under stirring, followed by the addition of di-tert-butyl
dicarbonate (4.04 g, 18.5 mmol). The mixture was stirred overnight. Then the solvent was
removed by rotary evaporation. The crude product was purified by column chromatography
(silica gel, DCM : MeOH = 70 : 1) to provide a white solid product (2.68 g), which is a mixture
of compound 5 and the compound with only one Boc group. The product was used for next step
without further purification. HRMS (ESI): m/z: calcd for 525.3540 (C28H48N2O7, [M+H]+); found
525.3534.
Synthesis of Compound 6 (Figure 12). In a 250 mL round bottom flask, the rude product with
compound 5 was dissolved in DCM (80 mL). Then the flask was put into an ice bath.
Triethylamine (1.65 mL) and TsCl (1.86 g, ) were added. The mixture was stirred overnight. The
solvent was removed by rotary evaporation. The residue was purified by column chromatography
(silica gel, DCM : MeOH = 450 : 1) to provide compound 6 as a light yellow gel (11.10 g, 30
mmol). Yield: 78%. 1H NMR (500 MHz, CDCl3, 298K): d 7.80 (d, ArH, J3(H,H) = 8.0 Hz, 2H),
7.36 (d, ArH, J3(H,H) = 8.0 Hz, 2H), 6.36 (s, ArH, 2H), 6.34 (s, ArH, 1H), 4.05 (t, CH2, J3(H,H)
= 6.5 Hz, 2H), 3.79 (s, OCH3, 6H), 3.58 (brs, CH2, 2H), 3.13-3.08 (m, 2 × CH2, 4H), 2.47 (s,
CH3, 3H), 1.64 (p, CH2, J3(H,H) = 6.5 Hz, 2H), 1.61-1.50 (m, 2 × CH2, 4H), 1.45 (s, 3 × CH3,
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9H), 1.43 (s, 3 × CH3, 9H), 1.31-1.24 (m, 2 × CH2, 4H).

13

C NMR (125 MHz, CDCl3, 298K): d

160.6, 155.6, 155.4, 154.5, 144.7, 144.2, 133.0, 129.8, 127.8, 105.6, 98.0, 80.0, 79.2, 70.3, 70.1,
55.3, 49.9, 46.9, 46.7, 46.0, 28.3, 28.1, 26.5, 26.2, 24.6, 24.2, 21.6. HRMS (ESI): m/z: calcd for
679.3628 (C35H54N2O9S, [M+H]+); found 679.3617.
Synthesis of Dye-Containing Full Rotaxane Acid Nanomachines on MSNs. In a typical
synthesis, 25 mg compound 6 was dissolved in 2.5 mL dichloromethane and 500 µL
trifluoroacetic acid was added. This solution was stirred overnight and solvent was removed
using rotary evaporation to produce compound 7. This was then redispersed in 5 mL water with
108 mg cucurbit[6]uril and stirred overnight. Rotary evaporation was used to remove water,
yielding compound 7 complexed with CB[6]. This was redispersed in 4 mL dry DMF with 40
mg amine-modified MSNs (MSNs with 3-aminopropyltriethoxysilane condensed on the surface)
and stirred overnight. Machine-modified particles were collected via centrifugation. To load with
Hoechst 33342, a 5 mM solution was prepared at pH 3 and the particles were stirred overnight.
To close the nanovalve, containing the dye molecules in the pores, particles were collected via
centrifugation and redispersed in pH 7.6 HEPES buffer and stirred overnight. This sample was
then washed and redispersed in HEPES buffer for cellular studies, or washed and dried for
spectroscopy studies.
Monitoring Release of Dye Using Decreased pH. In a typical spectroscopic study, 2 mg of
Hoechst-loaded, acid valve-modified MSNs were placed in the corner of a 1x2 cm glass cuvette
and 4 mL water was added, as shown in Figure 8. To detect release of dye from the pores, a
laser at 377 nm was used to excite the supernatant above the nanoparticles. Dye release was
achieved by lowering the pH of the supernatant using hydrochloric acid. In studies using the
pseudo-rotaxane acid valve, it was determined that phospholipids on cell membranes cause
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extracellular release of dye molecules from competitive binding of CB[6] with phospholipids. To
determine whether phospholipids will cause extracellular release with the re-designed full
rotaxane machine on MSNs, the synthetic phospholipid DPPC was added into the cuvette sample
described above and release of Hoechst into the supernatant was monitored using fluorescence
spectroscopy.
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3.6

Figures and Schemes

B

Figure 1. Structure of light-activated nanomachine thread and MSN platform. (A) The molecular
thread is alkyne-terminated for attachment to an azide group on the MSN surface. In solution,
and after attached to the MSN surface, the molecular thread undergoes photocleavage to produce
o-nitrosobenzaldehyde as a photoproduct in solution. The mechanism of photocleavage for the
molecular thread in solution is shown in Figure 2. (B) The MSN platform used has an average
particle diameter of approximately 100 nm and a pore diameter of approximately 2 nm, as shown
by the transmission electron micrograph. The hexagonal pore structure in the MSNs can be seen
in the TEM image.
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Figure 2. Mechanism of light-activation of the molecular machine thread. The nitrobenzyl group
undergoes photo-activation. This is the photo-reaction that takes place when the molecular
machine is exposed to UV light in solution. When the thread is attached to the MSN surface, the
alkyne terminus “clicks” to an azide on the MSNs, but a similar reaction proceeds upon exposure
of the MSNs to UV light, whereby o-nitrosobenzaldehyde is produced as a photo-product, but
the alkyne terminus remains attached to the MSN surface after photo-activation. Once the onitrosobenzaldehyde group is cleaved from the thread, the cyclodextrin capping group can move
away from the particle surface, and stored dye molecules can diffuse out of the mesopores.
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Figure 3. Absorption of molecular thread in solution. Before attachment to the MSN surface, the
molecular thread exhibits a peak maximum at 258 nm dissolved in chloroform.
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Figure 4. Monitoring the photo-cleavage products of the light-activated nanovalve thread in
solution using 257 nm light. The progress of the photo-cleavage reaction can be monitored using
NMR spectroscopy. For the molecular thread in solution, three regions can be monitored to
analyze the progress of the photo-reaction. In the starting material, the alkyne-terminated proton
will remain relatively unchanged in chemical shift and relative intensity during the reaction. For
the “C” carbons alpha to the ether, these protons will disappear as the starting product undergoes
photo-cleavage, and a proton should appear at a different chemical shift for the formation of onitrosobenzaldehyde as a photo-product.
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Figure 5. NMR spectra of photo-products after irradiation using 257 nm light at 45 mW from 0240 minutes. Amount of the photo-product is determined by comparing the relative integration of
the propionic acid terminal proton (near 2.5 ppm, the unchanged proton from Figure 4) and the
peak above 12 ppm for o-nitrosobenzaldehyde, a photo-product of the reaction.
(A) At 0 minutes of 257 nm light irradiation, this is the NMR of the molecular thread.
(B) After 2 minutes of 257 nm irradiation, 0% of the photoproduct is seen.
(C) After 5 minutes of 257 nm irradiation, 0% of the photoproduct is seen.
(D) After 10 minutes of 257 nm irradiation, 4.5% of the photoproduct is seen.
(E) After 60 minutes of 257 nm irradiation, 13% of the photoproduct is seen.
(F) After 120 minutes of 257 nm irradiation, 24% of the photoproduct is seen.
(G) After 240 minutes of 257 nm irradiation, 29% of the photoproduct is seen.
Amounts of photoproducts were determined by evaluating the relative amounts of the onitrosobenzeldehyde (peak at 12 ppm) compared to the alkyne hydrogen (peak at 2.5 ppm).
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Figure 6. NMR spectra of photo-products after irradiation using 257 nm light at 80 mW from 0120 minutes. Amount of the photo-product is determined by comparing the relative integration of
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the propionic acid terminal proton (near 2.5 ppm, the unchanged proton from Figure 4) and the
peak above 12 ppm for o-nitrosobenzaldehyde, a photo-product of the reaction.
(A) At 0 minutes of 257 nm light irradiation, this is the NMR of the molecular thread.
(B) After 10 minutes of 257 nm irradiation, 0% of the photoproduct is seen.
(C) After 60 minutes of 257 nm irradiation, 22% of the photoproduct is seen.
(D) After 120 minutes of 257 nm irradiation, 35% of the photoproduct is seen.
Amounts of photoproducts were determined by evaluating the relative amounts of the onitrosobenzeldehyde (peak at 12 ppm) compared to the alkyne hydrogen (peak at 2.5 ppm).
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Figure 7. Time-dependent absorption of molecular thread as a function of increased exposure to
257 nm light. (A) The characteristic peak at 258 nm decreasing over time, as a peak at 316 nm
grows in. (B) o-nitrosobenzaldehyde can be converted to photoproducts by irradiation with 313
nm light. Secondary photoproducts can be produced by further irradiation with 356 nm light.
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Figure 8. Set-up for laser-assisted release experiments. Dry particles are placed into the corner
of a quartz cuvette, which is then filled with deionized water, with a small stir bar at the opposite
corner of the cuvette. One laser is used to probe the supernatant above the particles to detect
released dye (probe beam), while another laser is used to assist photo-activation of the MSN
system (excitation beam).
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Figure 9. Release of dye from, and structure of two light-activated nanovalve threads. (A)
Rhodamine B dye release from the light-activated nanovalve threads attached to the MSN
surface. The solid traces are from the original system (Figure 9B) and the dashed traces are from
the re-designed, dimethoxy system (Figure 9C). The dashed aqua trace indicates release seen
using 351 nm light, the published wavelength for photo-activation of the molecular thread
analog. Release seen for samples using these two wavelengths is similar. (B) Structure of the
original light-activated nanovalve thread containing one methoxy moiety. (C) Structure of a redesigned light-activated nanovalve containing two methoxy moieties.

82

Figure 10. Structure of pseudo-rotaxane acid valve (left) and full rotaxane acid valve (right). In
the full rotaxane version (right), two methoxy groups at the meta positions on the benzyl group
prevent the CB[6] from being removed from the surface of the MSNs. At neutral pH values, the
two amine groups closest to the surface of the MSN are protonated. Due to electrostatic
interactions, the CB[6] sits at the C4 position. When the pH is lowered, the aniline pH is
protonated, which causes the CB[6] to move away from the MSN surface to the C6 position
along the molecular thread. At this distal position, cargo molecules stored in the pores can be
released from the MSNs.
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Figure 11. pH- and phospholipid-induced release of Hoechst 33342 from MSNs outfitted with
the full rotaxane acid valve. At low pH values (pH = 4, blue trace), Hoechst is released from the
system. However, in the presence of phospholipids (DPPC, purple trace), and at pH 5 and above
(pH 5: orange, pH 6: red and pH 7: black traces), the cargo molecules remain within the
nanopores of the MSNs.
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hν

Scheme 1. Attachment of light-activated nanovalve to the MSN surface. MSNs are first
functionalized with amine functional groups. An azide is then attached to the surface by addition
of tri(ethylene glycol) monoazide monotosylate. Dye molecules are then loaded into the MSN
pores by soaking in concentrated dye solutions. Capping of the nanovalve is performed by the
addition of β-cyclodextrin into the capping solution. A click reaction between the azideterminated MSNs and the alkyne-terminated molecular thread creates MSNs with surfaceattached nanovalves, trapping dye molecules within the MSN pores. Particles are collected by
centrifugation and washed using water to remove adsorbed dye molecules.
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Chapter 4

MSNs for Hydrophobic Tuberculosis Drug Delivery, and Pseudorotaxane Acid-Valves for
Hydrophilic Tuberculosis Drug Delivery
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4.1

Introduction
Tuberculosis is one of the leading causes of morbidity and mortality worldwide.

According to the World Health Organization, Mycobacterium tuberculosis, the causative agent
of tuberculosis, infects about one third of the world’s population, and it causes ~9 million new
cases of active tuberculosis and 1.7 million deaths annually.1 While effective antibiotics are
available, serious toxic side effects limit the doses that can be used clinically. For example, three
of the first line drugs for treating tuberculosis (isoniazid, rifampicin, and pyrazinamide) are
limited by hepatotoxicity, a side effect due to the action of the drug on hepatocytes rather than
macrophages, the primary host cells that harbor M. tuberculosis. Thus, a delivery mechanism
that introduces these antibiotics selectively into macrophages would greatly increase their
therapeutic index by achieving higher concentrations of the antibiotics locally where M.
tuberculosis replicates without exposing the patient to high systemic concentrations. Moreover,
since drug resistance develops when bacteria are treated with sub-therapeutic levels of
antibiotics, a system that allows delivery of high concentrations of antibiotic to the site where
bacteria divide would facilitate delivery of sterilizing doses to sites of infection and minimize the
emergence of drug resistance. Because M. tuberculosis resides and multiplies within host
mononuclear phagocytes and because mononuclear phagocytes internalize particles more
efficiently than other host cells, encapsulation of anti-tuberculosis drugs within nanoparticles
offers a mechanism for specific targeting of M. tuberculosis-infected cells.
While the use of liposomes, solid lipid particles, biodegradable nanoparticles, and
microspheres for delivery of anti-tuberculosis drugs has been examined both in vitro and in
vivo,2-11 the use of mesoporous silica nanoparticles (MSNs) as a delivery platform for antituberculosis drugs has not previously been reported. MSNs are attractive delivery vehicles for M.
90

tuberculosis drugs because of their versatility in allowing incorporation of a variety of different
design features, including alterations in aspect ratio to target specific organs,12 surface
functionalization to promote uptake by specific cells,13 and incorporation of design features for
controlled release of cargo under specific environmental conditions.14
To take advantage of the fact that macrophages are particularly efficient in internalizing
particles and delivering the particles to acidified endosomes, we have utilized MSNs as a
delivery platform for anti-tuberculosis drugs. We show that the MSNs are internalized efficiently
by M. tuberculosis-infected macrophages, selectively release drugs intracellularly in
macrophages, and kill M. tuberculosis more effectively than an equivalent amount of free drug.
Moreover, we demonstrate that, for different anti-tuberculosis drugs, different surface
functionalizations of the MSNs yield optimal intracellular killing of M. tuberculosis within the
infected macrophages. In the case of INH, MSNs equipped with pH-sensitive valves designed to
remain closed at the neutral pH of the blood but to open after endocytosis and acidifcation of the
endosome (pH-gated NPs), deliver sterilizing doses of INH within the M. tuberculosis-infected
macrophage. On the other hand, in the case of RIF, surface functionalization of the MSNs with
polyethyleneimine yields greater loading and delivery of drug to M. tuberculosis-infected
macrophages than uncoated MSNP. This study shows the feasibility of using functionalized
MSNs as drug delivery vehicles to improve the treatment of tuberculosis.
4.2

Uptake of MSNs by Human Macrophage Cells
MSNs have been shown to be successful platforms for drug delivery in vitro and in

vivo.15 The MSNs used in this study are ~100 nm diameter spheres with ordered arrays of tubular
pores with diameters of ~2 nm (Figure 1).
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To demonstrate that MSNs can be adapted as a platform for delivering anti-TB drugs,
MSNs were incubated with PMA-differentiated, human macrophage-like THP-1 cells and by
human peripheral blood monocyte-derived macrophages (MDM). The results show that MSNs
can be internalized efficiently by these cells, whether the macrophages were infected with M.
tuberculosis or uninfected (Figure 2).
We used confocal microscopy to follow the intracellular trafficking of rhodamine
isothiocyante-labeled nanoparticles following their uptake by human MDM and THP-1 cells. At
90 min, approximately 60% of the red fluorescent nanoparticles colocalized with CD63, a
marker of lysosomes (Figure 3).
4.3

Delivery of Rifampicin to Human Macrophage Cells Using MSNs
Rifampicin (RIF) is a hydrophobic drug, thus may be kept in the pores of MSNs without

the aid of the pH-sensitive valves, and it will not be completely eluted by the acid treatment. To
estimate drug loading on pH-gated NP-RIF (MSNs with pH-gates attached on the surface, and
RIF loaded into the pores), we eluted the particles sequentially with 10 mM maleic acid and
ethanol. We determined that on a weight basis (drug/nanoparticle) 0.14% and 0.3% of RIF eluted
from the pH-gated NP-RIF with acid and ethanol, respectively, giving a total elutable RIF
loading of the NP of 0.44% (weight/weight).
Compared with either no treatment or treatment with control nanoparticles (containing no
drug), treatment of M. tuberculosis infected THP-1 cells with 250 µg/ml of pH-gated NP-RIF
yielded 1.3 log killing of intracellular M. tuberculosis over 3 days (Figure 4) compared to no
treatment, a degree of bacterial killing equivalent to that of free RIF at a concentration of 0.42
µg/ml (Figure 4). Treatment of M. tuberculosis-infected macrophages with pH-gated NP-RIF
yielded 0.8 logs more killing than the acid eluate suggesting that pH-gated NP-RIF kill
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intracellular M. tuberculosis more effectively than an equivalent amount of free RIF. However,
because of its marked hydrophobicity, it is likely that more RIF eluted from the NP within
macrophages than was eluted by acid treatment in the test tube.
Whereas the NP-RIF particles had an intense red color prior to addition to the
macrophages, particles recovered from the macrophages at the conclusion of the 3-day culture
were colorless. At the conclusion of 3 days of incubation of macrophages with NP-RIF, we
detected RIF in the extracellular culture medium but did not detect it within the macrophage
monolayer, indicating essentially complete release of RIF from the nanoparticles into the cells,
followed by diffusion into the extracellular medium.
PEI is a cationic polymer that attaches to the negatively charged exterior of MSNP.
Decoration of the particle surface with a positive charge such as 10 kD PEI enhances particle
uptake and facilitates escape of molecules from acidifying endosomes into the cytoplasm16. In
addition, we have observed that 10 kD PEI coating of the MSNP alters the physicochemical
properties of the MSNP such that 4-fold more elutable RIF can be loaded onto the PEI-coated
MSNP than onto non-PEI coated MSNP (i.e. loading of 3-4% vs. 0.8-1% wt/wt elutable
RIF/total NP-weight, respectively). Moreover, we have observed that minimal RIF elutes from
the particles in neutral solution, but that RIF does elute from the particles after uptake by
macrophages. As shown in Figure 5, treatment of M. tuberculosis-infected macrophages with
62.5 µg/ml of PEI-coated NP-RIF yielded 2.3 logs killing of M. tuberculosis (compared with no
treatment) over a 3-day period.
4.4

Delivery of Isoniazid to Human Macrophage Cells Using MSNPs
To achieve specific intracellular delivery of drug, we have equipped the MSNP with pH-

operated nanovalves14 (Figure 1b). The nanovalves function as a trap to contain the hydrophilic
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drug molecules within the pores at neutral pH and release the drug from the pores when the pH
decreases after the MSNP are internalized by macrophages and traffic to acidified endosomes.
In order to assess the time course of the pH-dependent release of INH from pH-gated
MSNP, we loaded the particles with INH at neutral pH and followed the release of the drug in
the presence of 10 mM maleic acid (pH 1.8) by spectrophotometry. Figure 6 demonstrates that
drug release from the nanoparticles plateaus by 20 minutes.
To evaluate the capacity of drug-loaded pH-gated nanoparticles to kill intracellular M.
tuberculosis in infected macrophages, we incubated monolayers of PMA differentiated THP-1
cells in 24-well plates with virulent M. tuberculosis Erdman strain for 90 min at a multiplicity of
infection of 10:1 (bacteria:macrophage), washed away the extracellular bacteria, and added fresh
medium containing cucurbit[6]uril-capped pH-gated nanoparticles loaded with INH (NP-INH) or
no drug. To compare the effectiveness of drug delivered by nanoparticles with that of the free
drug, we eluted INH from pH-gated NP-INH by treatment of the particles with 10 mM maleic
acid for 1 h to elute all of the drug. The acid eluate was neutralized to pH 7.4 with a small
amount of Tris-base and added to monolayers of M. tuberculosis infected macrophages as a
control for adding soluble INH to the monolayers. Treatment of INH at pH 1.8 for 1 hour does
not decrease its antimicrobial activity, as demonstrated in Figure 7. In addition, we eluted the
INH-loaded MSNP with 1% bovine serum albumin (BSA) at neutral pH and added the neutral
eluate to the M. tuberculosis-infected macrophages as a control for the amount of drug that
would elute from the particles in a neutral, extracellular environment. Using a fluorimetric assay,
we found negligible elution of INH from the pH-gated NP with the neutral BSA solution.
No M. tuberculosis were detected in the monolayers treated with pH-gated NP-INH,
indicating sterilization of the monolayers (i.e. CFU were below our detection limit of 50
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CFU/monolayer). Thus, as shown in Figure 8, pH-gated NP-INH yielded at least 3.8 logs killing
of intracellular M. tuberculosis compared with no treatment, and yielded 2.5 logs more killing of
intracellular M. tuberculosis than an equivalent amount of free INH (i.e. the acid eluate from the
pH-gated NP-INH).
4.5

Summary
In previous studies, MSNP have demonstrated the ability of carrying and releasing

hydrophobic drugs into cells

19

. RIF exhibits marked hydrophobicity, and undergoes a phase

transition that preferentially maintains the drug in the porous interior of the MSNP under
aqueous conditions.
The pH-operated valves are constructed by covalent attachment of a molecular thread
over the pores and adding bulky β-cyclodextrin sugar molecules that, at neutral pH, bind to the
threads and sterically block the pores. At acidic pH the molecular threads are protonated,
decreasing the binding of the β-cyclodextrin capping molecules to the threads, opening the pores,
and allowing release of drug molecules from the MSNP14
INH is a prodrug that, once activated inside of tubercle bacilli, kills the actively growing
organisms by inhibiting their cell wall synthesis. RIF is an inhibitor of bacterial RNA
polymerase. Both are among the most commonly used first line drugs for treating tuberculosis.
Systemic administration of both drugs can be complicated by off-target toxicities to cells and
tissues that are not infected by M. tuberculosis. Delivery of anti-tuberculosis drugs via
nanoparticles directly to the cells and tissues that are infected by M. tuberculosis can maximize
efficacy and minimize toxicity. Here, we show that MSNP can be employed as a delivery
platform for INH and RIF leading to killing of intracellular M. tuberculosis in infected
macrophages, providing proof of principle for this technology. The fact that we observe
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negligible release of INH and RIF from the drug-loaded nanoparticles into neutral pH solutions
indicates that systemic administration of INH and RIF via the MSNP platform has the potential
to deliver the drugs primarily to macrophages, the primary host cells for M. tuberculosis, and to
minimize off-target toxicity (e.g. to liver and nervous system) that otherwise complicates the
systemic administration of INH and RIF.
We have shown that INH delivered by pH-gated NP-INH is approximately 4-fold more
effective at killing intracellular M. tuberculosis than an equivalent amount of free INH added to
the M. tuberculosis-infected macrophages. The relative efficacy of NP-INH over free INH is
likely to be even greater in an in vivo animal or human tuberculosis infection, where the majority
of the systemically administered free INH is rapidly cleared or metabolized without ever being
taken up by infected macrophages.
In the case of RIF, the effectiveness of NP-RIF in killing of intracellular M. tuberculosis
is similar to that expected for the total amount of elutable free RIF added to the M. tuberculosisinfected macrophages. We found that essentially all of the RIF was released from the
nanoparticles into the macrophages, after which it diffused into the extracellular medium.
Although release of RIF from drug loaded NP within the macrophages would have led to locally
higher concentrations at the site of intracellular M. tuberculosis, apparently the rate of diffusion
of RIF into the culture medium is faster than the rate at which RIF is able to kill M. tuberculosis,
so that in our cell culture experiments, enhanced efficacy of NP-RIF over free RIF was not
observed. However, in vivo, nanoparticle delivery of RIF may confer a pharmacodynamic
advantage over free delivery of drug, since the free RIF in vivo would have a much greater
volume of distribution and would be rapidly cleared (as opposed to the situation in the culture
well where there is a very small volume of distribution and no clearance). Unlike free RIF, in an
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in vivo situation, NP-bound RIF would initially be released at the sites of M. tuberculosis
infection thereby leading, at least transiently, to locally higher concentrations of drug in M.
tuberculosis-infected cells and tissues. For in vivo delivery, use of PEI-coated NP-RIF would
confer two advantages over uncoated NP-RIF: increased binding/loading of RIF (allowing
administration of smaller doses of NP-RIF) and increased uptake by macrophages. In our
experiments in which the NP-RIF is allowed to incubate for 3 days with M. tuberculosis infected
macrophages, the rate of uptake of drug loaded NP is not a limiting factor. However, in the case
of in vivo administration, the rate of uptake of the NP by macrophages may have a greater impact
on the effectiveness of the delivery platform.
We have shown that functionalized MSNP loaded with INH and RIF can be delivered to
macrophages and kill intracellular M. tuberculosis, establishing proof of principle for this
approach to TB drug delivery. Use of drug-specific surface functionalizations of the MSNP
allows optimization of delivery of the anti-tuberculosis drugs INH and RIF to macrophages and
maximal intracellular killing of M. tuberculosis. In the case of the relatively polar drug INH,
nanoparticles equipped with pH-operated nanovalves that remain closed at the neutral pH of the
extracellular medium (or of blood in the case of systemic administration), but open after
endocytosis and acidifcation of the endosome, deliver sterilizing doses of INH within M.
tuberculosis-infected macrophages. In the case of the hydrophobic drug RIF, pH operated valves
did not confer any advantage over NP lacking the valves in these in vitro studies. However,
decoration of the MSNP with 10 kD polyethyleneimine allowed greatly increased loading and
delivery of RIF and delivered sterilizing doses of this drug to M. tuberculosis-infected
macrophages.
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4.6

Experimental Methods

Materials. All chemicals unless specified otherwise were purchased from Sigma-Aldrich. INH
and RIF stocks were prepared as 20 mg/ml in water and DMSO, respectively, and stored at 20ºC. Phorbol 12-myristate 13-acetate (PMA) was prepared as 100 µM stock in DMSO and
stored at -20ºC.
Synthesis and Attachment of Acid-Responsive Nanovalve to Mesoporous Silica Nanoparticles.
Mesoporous silica nanoparticles, and the acid-responsive mesoporous silica nanoparticle system
was synthesized according to the method published by Angelos, et al.19
Drug Loading and Release Measurement. MSNs loaded with anti-tuberculosis drugs (INH and
RIF) were suspended in neutral 1% albumin solution, dispersed using a W-375 sonicator with a
micro tip probe (Ultrasonics, Inc.), and centrifuged at 14,000 g for 10 min to remove drug not
bound by the particles. Drugs were then released from the pH-gated nanoparticles by treatment
with maleic acid pH1.8 for 1 h. The amount of acid elutable INH from pH-gated NP-INH was
measured using the salicylaldehyde spectrofluorimetric assay17. Proteins were removed from the
samples by precipitation with 4.5% trichloracetic acid and centrifugation at 10,000 g for 5 min.
Two parts of the clear supernatant was mixed with one part of a freshly prepared acetate solution
containing 0.5 M sodium acetate, 0.2% (wt/vol) sodium bisulfite, 0.15 M sodium hydroxide and
0.15% (wt/vol) salicylaldehyde and incubated for 10 min incubation at room temperature. A
second acetate solution was then added to the sample to achieve a final concentration of 0.25 M
sodium acetate, 0.1% sodium bisulfite, 0.078 M sodium hydroxide. DTT was added to the
samples to a final concentration of 143 mM. The samples were heated at 50ºC for 10 min, cooled
to room temperature, and extracted with isobutanol. Aliquots (100 µL) of the isobutanol phase
were transferred to a 384-well black polypropylene Matriplate (Matrical Bioscience) and
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fluorescence intensity was measured using excitation and emission wavelengths of 392 and 478
nm, respectively, in a FlexStation fluorescence plate reader in the UCLA/CNSI Molecular
Screening Shared Resource (MSSR) facility. INH standard curves were prepared by the same
method. The amount of RIF loaded on pH-gated or PEI-coated NP-RIF was determined by
spectrophotometric measurement at the wavelength 474 nm against RIF standards. To measure
the release of RIF into macrophage cultures, we employed RPMI without neutral red pH
indicator both for the culture of macrophages and to prepare the RIF standards.
Bacteria and Cell Cultures. M. tuberculosis virulent strain Erdman (35801, American Type
Culture Collection) was cultivated on Middlebrook 7H11 agar for 10 days at 37ºC, 5% CO2-95%
air atmosphere. Prior to use of bacteria for infection of human macrophages, bacteria were
scraped from agar plates and sonicated in a water bath sonicator (Astrason Scientific) for 8
periods of 15 seconds to disperse bacterial aggregates. Residual aggregates were removed by 3
sequential centrifugations at 200 g for 10 min at 4ºC. The supernatant, consisting almost entirely
of single bacteria, was used for infection of macrophages. THP-1, a human monocytic cell line
(ATCC, TIB 202) was maintained in RPMI-1640 (Mediatech) supplemented with 2 mM
glutamine, 10% heat-inactivated fetal bovine serum (HI-FBS), and penicillin-streptomycin (100
IU/ml and 100 µg/ml, respectively). Prior to infection with M. tuberculosis, THP-1 cells were
added to 24-well plates at a concentration of 3 x 105 cells/ml per well and differentiated to a
macrophage-like cell type with PMA (100 nM) in RPMI-1640 with 10% HI-FBS for 3 days at
37ºC in air containing 5% CO2. Human peripheral blood monocyte derived macrophages were
prepared as described18.
M. tuberculosis Killing Assay. PMA differentiated, human macrophage-like THP-1 cells were
infected with M. tuberculosis at a ratio of 10 bacteria per cell in RPMI-1640 containing 20%
99

human serum type AB for 90 min at 37ºC, 5% CO2. Extracellular bacteria were removed by
washing extensively, and fresh medium with or without nanoparticles and anti-tuberculosis drugs
was added. Infected THP-1 cells were incubated for 5 h or 3 days and lysed with 0.1% SDS.
Culture supernatant and lysed THP-1 cells were combined, serially diluted in 7H9 medium with
10% OADC enrichment and 0.05% Tween 80, and plated on 7H11 agar. Bacterial colony
forming units (CFU) were enumerated after 2-week incubation at 37ºC, 5% CO2-95% air
atmosphere.
Immunoflurescence Microscopy. To study whether nanoparticles were delivered to the infected
macrophages, we seeded human macrophages on 2-cm coverslips and infected them with M.
tuberculosis expressing green fluorescent protein as described above. At the end of the 90 min
incubation period, monolayers were washed and incubated with fresh medium containing RITClabeled nanoparticles for 90 min to 3 days at 37ºC, 5% CO2-95% air atmosphere. Macrophages
on coverslips were fixed in 4% paraformaldehyde in 0.075 M sodium phosphate buffer, pH 7.4
for 30 min at room temperature, washed with PBS, stained with DAPI, and mounted with
Prolong Gold Antifade mounting medium (Molecular Probes). To determine whether
nanoparticles were delivered to the lysosomes, we fixed macrophages on coverslips,
permeabilized in 0.1% saponin in PBS containing 10 mM glycine, and incubated with 1% BSA
in PBS to block nonspecific staining. Coverslips were stained sequentially with a mouse
monoclonal antibody to human CD63 (BD) in PBS overnight at 4ºC, with an Oregon Greenconjugated goat anti-mouse IgG diluted 1:50 in 1% BSA in PBS for 90 min at room temperature,
and finally with DAPI, and processed with antifade mounting medium as described above. The
coverslips were viewed by epifluorescence microscopy with an Eclipse TE2000-S microscope
equipped with an X-Cite 120 light source (Nikon) and images were acquired with a SPOT RT100

KE monochrome camera and SPOT software (Diagnostic Instruments, Sterling Heights, MI) or
by confocal scanning microscopy (Leica Confocal SP2 1P-FCS microscope and Leica confocal
software in the Advanced Light Microscopy/Spectroscopy Core Facility at CNSI, UCLA).
Lactate Dehydrogenase (LDH) Assay. Supernatant and monolayer lysate from M. tuberculosisinfected macrophage cultures with or without anti-tuberculosis drugs were incubated in 0.2 M
Tris buffer, pH 7.3 containing 1.25 µg/ml NADPH and 10 mM sodium pyruvate. A decrease in
absorbance at 340 nm over a period of 3 min was recorded. Lactate dehydrogenase activity in the
sample was determined by plotting the rate of decrease in absorbance at 340 nm from the sample
against that from a known amount of the enzyme.
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4.7

Figures

Figure 1. MSNs equipped with pH-sensitive valves as a nanodelivery platform for antituberculosis drugs. (A) The MSNs have a particle diameter of approximately 100 nm with 2 nm
pores. (B) The structure of the pH-gate at neutral pH (left) is such that the cucurbit[6]uril
(CB[6]) has more favorable binding near the MSN surface. After addition of acid to decrease the
pH, the CB[6] binding near the surface is no longer favorable. Movement of the CB[6] away
from the MSN surface allows for diffusion of stored cargo molecules out of the pores and into
surrounding media. (C) The structure of the macrocyclic molecule cucurbit[6]uril.
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Figure 2.

Anti-tuberculosis drug loaded MSNs are internalized efficiently by human

macrophages infected with M. tuberculosis (A-D) and by uninfected macrophages (E). PMAdifferentiated THP-1 cells were infected with M. tuberculosis for 90 min and then incubated with
125 µg/ml NP-RIF. The infected monolayer was fixed 3 days later and analyzed by confocal
microscopy. Abundant red fluorescent NP-RIF (A) is seen in the immediate vicinity of the green
fluorescent protein-expressing M. tuberculosis (arrow) (B) in the infected macrophage, whose
nucleus is stained blue (C). The merged image is shown in D. (E) The macrophage-like THP-1
cells were left untreated (dashed line) or were incubated with 20 µg/ml of fluorescent-NP-RIF
(Rifampicin-loaded NP) for 6 h (solid line) and then fixed and evaluated by FACS. The majority
of the macrophages that were incubated with RITC-labeled NP-RIF internalized the fluorescent
nanoparticles and exhibited a 10-fold greater mean fluorescence intensity than the untreated
control macrophages.
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Figure 3. Mesoporous silica nanoparticles localize in lysosomal compartments in human
macrophages. Human peripheral blood monocyte-derived macrophages (MDM) were incubated
for 90 min with 15 µg/ml of red fluorescent nanoparticles (RITC-NP), fixed, permeabilized and
stained for the lysosomal marker, CD63 with a green fluorescent antibody (A). Fluorescent
RITC-NP internalized by the MDM, four of which are indicated by arrows, are shown in (B).
The nucleus, stained blue with DAPI, is shown in (C). A merged color image is shown in Panel
(D). Colocalization of two arrowed RITC-NP (B) with CD63 (A) is shown at higher
magnification in the rectangular insets at the upper and lower right corner of each panel. Note
that staining for CD63 rims the RITC-NP particles, consistent with the presence of this molecule
on the phagosomal membrane surrounding the RITC-NP.

104

Figure 4. pH-gated NP loaded with RIF (NP-RIF) kill M. tuberculosis in human macrophages.
PMA-differentiated THP-1 cells were incubated with M. tuberculosis for 90 min, and then
treated with free RIF pH-gated NP-INH. CFU of M. tuberculosis in treated or untreated infected
macrophages were enumerated 3 days post-infection. Acid eluates from pH-gated NP-RIF served
as controls for the amount of RIF loading on the particles. Acid treatment of RIF had no effect
on its anti-mycobacterial activity.
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Figure 5. PEI coating on MSNs allows greater loading and delivery of RIF to M. tuberculosisinfected human macrophages than the uncoated particles (NP-RIF, Figure 4). 62.5 µg/ml PEINP-RIF gave 3.3 log killing. This is off-scale on our free RIF curve (i.e. more killing than
obtained with 5 µg/ml free RIF). Our spectrophotometric-based release assay indicates that 62.5
ug/ml PEI-NP-RIF had 2.6 µg/ml elutable RIF. 31.25 µg/ml PEI-NP-RIF gave 2.3-log killing,
corresponding to killing obtained from 4.7 µg/ml free RIF. By spectrophotometric release assay,
we know that 31.25 µg/ml PEI-NP-RIF contained 1.3 µg/ml of elutable RIF. Therefore, efficacy
ratio of 31.25 µg/ml PEI-NP-RIF to free RIF is about 3:1. 15.6 µg/ml PEI-NP-RIF gave 1.6 log
killing, corresponding to killing obtained from 1.1 µg/ml of free RIF. Spectroscopic release
assay indicates 15.6 µg/ml PEI-NP-RIF had 0.65 µg/ml elutable RIF. Therefore, efficacy ratio
was about 2:1.
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Figure 6. Release of isoniazid (INH) from pH-gated MSNs. When pH-gated NP-INH are treated
with pH 1.8 maleic acid, the valve opens and INH can diffuse from the pores. Isoniazid, with a
characteristic absorbance at 260 nm, is monitored over time to determine release of INH from the
pores of pH-NP-INH. After 20 minutes, the absorbance plateaus, indicating that the acid-elutable
INH is released from the particles after 20 minutes of acid treatment.
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Figure 7. Treatment of isoniazid with pH 1.8 maleic acid. When exposed to pH 1.8 maleic acid,
the antimicrobial activity of INH is not disturbed.
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Figure 8. Macrophages infected with M. tuberculosis respond to NP-INH.Drug delivery
efficiency is increased by 2.5 logs when INH is delivered using pH-gated MSNs as compared to
the free drug.
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Chapter 5

Development of Magnetic@MSN Materials for Noninvasive Control of Drug Delivery
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5.1

Introduction
Mesoporous silica nanoparticles, having diameters of less than 200 nm and pore widths

of approximately 2 nm, are versatile as scaffolds for molecular machine attachment.1-4, 10-12 Since
these nanoparticles are endocytosed by cells and are nontoxic, they can also be used for the
delivery of drugs in vitro and in vivo.13-17 Recently, an amazing array of methods of controlling
pores to trap and release cargo have been developed. These range from polymer coatings on
particles, to intricate nanovalves that control use methods of pH,3 redox,18 or light15 for
activation.
For biological applications, an external and noninvasive method of actuation is needed.
Light control has been demonstrated,18 but it is only beneficial for surface applications due to the
limitation of tissue penetration for photodynamic therapies. Nanovalves based on changes in
pH16 are self-opening, and cannot be controlled by an external stimulus.
Magnetic nanocrystals (NCs) are of importance in biomedical applications, as they can be
used for both therapeutics and imaging. The usefulness of magnetic materials for inducing
hyperthermic effects when placed in an oscillating magnetic field5-8 and for T2 MRI contrast
agents19-20 make magnetic NCs theranostic.21-22 Zinc-doped iron oxide nanocrystals (ZnNCs)
improve upon existing materials by offering a fourfold increase in hyperthermic effects and an
eight- to fourteen-fold increase in MRI contrast when compared to undoped iron oxide NCs.9
However, limitations of the ZnNCs include indiscriminate cell killing, as well as the inability to
deliver chemotherapeutics into biological systems.
5.2

Design and Synthesis of Core-Shell Magnetic@MSN Materials
We combine the advantages of mechanized silica with those of superparamagnetic zinc-

doped iron oxide to create a new generation of drug delivery systems, shown as image 4 in
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Scheme 1. We discuss four experiments performed on the assembled silica-encapsulated iron
oxide nanoparticles modified with nanovalves for the storage and delivery of molecules. First,
the macroscopic heating of the solution is investigated. A system was chosen that is not selfopening in biological systems, thermally stable at room temperature, and that can be operated
under solution heating. Magnetic heating by placing the materials in an oscillating magnetic field
is next examined as a way of external control of solution heating. Further, local particle heating
without heating of the surrounding liquid was examined by exposing the systems to the magnetic
field in thermostatted medium. Finally, remote-controlled actuation of the nanovalves to
demonstrate in vitro drug delivery was explored.
Magnetic-core silica nanoparticles (MCSNs, Scheme 1, image 2) were synthesized by
modifying a standard MCM-41-type synthesis.15 To contain the ZnNCs within the silica core,
they were first stabilized in a surfactant solution. The silica precursor TEOS (tetraethyl
orthosilicate) was added to a solution containing CTAB-stabilized (cetyl trimethylammonium
bromide) ZnNCs with sodium hydroxide. The base catalyzed the hydrolysis of the silica
precursor to form the mesostructured nanoparticles around the surfactant-stabilized iron oxide.
Particle characterization confirmed size, pore diameter, and inclusion of iron oxide are confirmed
using spectroscopic methods (Table 1, Figure 1). To assemble the nanovalve for facilitation of
magnetic actuation, a molecular machine was assembled on the nanoparticle (Scheme 1). N-(6aminohexyl)-aminomethyl triethoxysilane is first condensed on the particle surface. Cargo
loading is accomplished by soaking the nanoparticles in a concentrated solution of Rhodamine B
dye to allow the filling of the mesoporous structure by diffusion. Containment in the pores is
achieved by adding cucurbit[6]uril, which binds the molecular thread on the silica nanoparticle
surface to the interior of the cyclic cucurbit[6]uril cavity.10 The fully assembled system, shown
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as the bottom right image in Scheme 1, was used to study the effects of exposure to direct heat
via the application of a heat source, and to remote heat via the presence of an oscillating
magnetic field.
5.3

Examination of Magnetic@MSN Function in Abiotic Systems
Thermal nanovalve activation was examined as a method of molecular machine control

by exposing a particle sample to an increase in temperature. When the systems shown in Scheme
1 were systematically heated by an ambient increase in solution temperature, release of dye from
the pores was observed as an increase in emission intensity as a function of time. Furthermore, it
was observed that faster rates of heating resulted in more rapid release of dye from the pores, and
that higher final temperatures exhibited greater amounts of dye escaping from the pores during
heating (Table 2). Magnetic-induced release was studied by exposing a sample of the MCSNs in
solution to an AC field at 500 kHz. When the MCSNs containing no dye were examined in water
at a concentration of 10 mg/mL, the temperature of the surrounding solution raised to 52 °C as
heat was transferred from the MCSNs to the surrounding solution. This maximum solution
temperature of 52 °C was reached after exposure to the field for 15 minutes, and remained for the
duration of the 60 minute experiment (Figure 2). Exposure of dye-loaded MCSNs to this same
field caused a majority of dye release within 20 minutes of exposure to the field.
In order to determine whether the macroscopic heating of the bulk solution or the local
heating caused by the inclusion of ZnNCs resulted in opening of the nanovalves, the solution was
kept at 4 °C while the field was applied. The effects of particle heating were investigated by oneminute pulses of AC field in cooled water. The fluorescence intensity of the dye released from
the pores was monitored after a single one-minute pulse compared to multiple one-minute pulses.
We see that a single pulse causes rapid heating and expulsion of dye from the pores (Figure 3).
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Multiple pulses continue to cause additional cap release and further diffusion of dye from the
pores, shown in Figure 3. The rapid increase in intensity when the field is first introduced is
clearly seen in these thermostatic experiments. Under these conditions, it is clear that the local
particle heating is important for dye release, rather than from the macroscopic heating of the bulk
solution.
5.4

Magnetic-Responsive Drug Delivery of Doxorubicin In Vitro
These materials are useful for in vitro drug delivery, as demonstrated by the release of

anticancer drugs in MDA-MB-435 cells, a breast cancer cell line (Figure 4). The MCSNs are
taken up by the cells, and minimal drug release is observed, as shown by the absence of red
fluorescence from doxorubicin before application of the magnetic field. In the presence of the
AC field, however, the local heating caused by the magnetic ZnNCs facilitates the release of
doxorubicin from the silica pores, inducing apoptosis in the breast cancer cells. In the images
taken after a 5 minute AC pulse, a dramatic increase in intensity from the doxorubicin is seen, as
the drug is delivered into the cells. The effectiveness of these materials as drug delivery systems
was examined by using a CCK-8 assay to quantify the dead cells in the sample. When the
MCSNs containing doxorubicin were exposed to the cells, but the magnetic field was not turned
on, the rate of dead cells was 5%. For the MCSNs introduced in cells, but not containing
doxorubicin, the rate of cell death was 16% for the 5 minute AC pulse, which represents the cell
death from the hyperthermic effects produced. When the doxorubicin-loaded MCSNs were
utilized, exposure to a 5-minute AC field pulse resulted in a 37% rate of cell killing, an increase
of more than 100% in cell killing from hyperthermia alone. Thus the presence of magnetic
ZnNCs to cause heating, mesoporous silica to store drug molecules, and molecular machines to
contain the drugs within the pores results in a synergistic effect, where the combined effects are
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greater than the individual effects of either apoptotic cell death from doxorubicin delivery, or
necrotic cell death from hyperthermia.
5.5

Summary
We have demonstrated that novel magnetic-core silica nanoparticles are effective in

heating solutions when exposed to AC fields, and that the effects of local heating are great.
Additionally, we have shown the feasibility of these systems to function as drug delivery systems
in cancer cells. Optimization to balance the hyperthermic and apoptotic effects by varying the
length and strength of the magnetic actuation is under investigation.
5.6

Experimental Methods
Magnetic nanoparticles with Zn ion doped were synthesized using the method developed

by Jang et al.9 A typical synthesis to produce Zn0.4Fe2.6O4 nanoparticles is as follows:
ZnCl2 (30 mg), FeCl2 (40 mg), and Fe(acac)3 (353 mg) were placed in a 50 mL three-neck roundbottom flask in the presence of surfactants (oleic acid and oleylamine) in octyl ether. The
reaction mixture was heated at 300 oC for 1 h and the reaction products were cooled to room
temperature. Upon addition of ethanol, a black powder precipitated and was isolated by
centrifugation. The isolated nanoparticles were dispersed in toluene. Nanoparticles have 15 nm
size with narrow size distribution (σ < 5%).
Zinc-doped iron oxide nanocrystals were dissolved in chloroform at a concentration of 50
mg/mL. One milliliter of the iron oxide nanocrystals in chloroform was added to a solution of
100 mg cetyl trimethylammonium bromide (CTAB, Aldrich, 95%) in 5 mL of water. The
mixture was sonicated and the chloroform was boiled off from the solution with rapid stirring.
The aqueous CTAB-stabilized zinc-doped iron oxide nanocrystals were added to an 80 °C
solution of 43 mL distilled water with 350 µL of 2.0 M NaOH, and 500 µL tetraethyl
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orthosilicate (TEOS, Aldrich, 98%) was slowly added. After two hours of rapid stirring at 80 °C,
the magnetic-core silica nanoparticles were collected by centrifugation and washed with ethanol
and water. The CTAB was removed by dispersing the as-synthesized materials in a solution
containing 133.3 mg ammonium nitrate (Fisher) and 50 mL 95% ethanol. This mixture was
heated to 60 °C for 15 minutes, then the particles were collected by centrifugation and washed
with ethanol. Complete removal of the surfactant was verified by infrared spectroscopy. The
fluorescent functionality for optical monitoring of the nanoparticles in cells, fluorescein
isothiocyanate, was attached to the mesoporous silica framework. 3 mg fluorescein
isothiocyanate (FITC, Sigma, 90%) was dissolved in 1 mL ethanol, and 12 mL 3aminopropyltriethoxysilane (3-APTES, Aldrich, 98%) was added. This solution was reacted
under nitrogen for 2 hours, then added to the 80 °C solution of aqueous sodium hydroxide. After
10 minutes, the CTAB-ZnNC solution was added, and the procedure followed in the same
manner as above. These labeled particles were used in the biological studies to monitor the
MARS in MDA-MB-231 cells.
The nanovalve was attached by refluxing 100 mg of the magnetic-core silica
nanoparticles with 4 x 10-4 mol N-(6-N-aminohexyl)-aminomethyl triethoxysilane in toluene
overnight. The particles were collected by centrifugation and washed with methanol. To load dye
or drug molecules into the particles, the particles were soaked in a saturated dye or drug solution
for 24 hours. To the loading solution was added a solution containing 80 mg CB[6] in 5 mL of 1
mM HCl. The capping reaction continued stirring for 3 days, following which the particles were
collected by centrifugation and washed with water until the supernatant was free of dye or drug.
A control experiment has been performed where nanoparticles are loaded with dye or
drug molecules, but no capping group (i.e. cucurbit[6]uril, CB[6]) is added. These control
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particles were washed exactly as those with CB[6] were washed before studying the release.
Since the capping group is not present in the control to contain the dye/drug within the pores, the
dye is washed out during the washing step and there is no signal present in the release studies.
In another control experiment, particles that do not contain magnetic nanocrystals at the
core were placed in the oscillating magnetic field. In this experiment, the particles cause no
heating and no release of dye was observed.
The magnetic experiments were carried out as follows. Magnetic-core mesoporous silica
nanoparticles (MCSNs) dispersed in water (1 mg/ml) were placed inside a water-cooled copper
coil which produced an alternating magnetic field in frequency range of 500 kHz with an
amplitude of up to 37.4 kAm-1. For the thermostatted experiment, the sample solution was kept at
0 °C while the field was applied. The temperature was measured with a thermometer (TES-1307,
TES, Taiwan) placed in the center of the sample. The amount of released dye by magnetic
heating was measured as follows. Small aliquots (10 µL) of solution were taken and the
fluorescence was measured with photoluminescence spectrometer (FP-6500, JASCO).
To study the MARS in vitro, we performed a simple hyperthermia test with MDA-MB231 breast cancer cell line. The cells were cultivated in Dulbecco’s Modified Eagle Medium
(Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen) and 25 mM HEPES. These
cells were cultivated at 37 °C in 5% CO2. 50 µg/mL solution of MCSNs in 1x Dulbecco’s
Phosphate Buffered Saline (Sigma-Aldrich) were treated to the MDA-MB-231 cells cultured on
eight-well plates (2.5 x 104 cells per well). 24 hours after the transfection of MCSNs, the MDAMB-231 cells were then washed three times with 1x Dulbecco’s Phosphate Buffered Saline. The
eight-well plate was placed inside alternating magnetic field system described above. After 5
minutes of magnetic field application, cell viability was measured with Cell Counting Kit-8
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(Dojindo co.). First, the cell suspension (100 µL/well) was inoculated in a 96-well plate, and the
plate was pre-incubated in a humidified incubator at 37 °C, 5% CO2. Then 10 µl of the CCK-8
solution was added to each well of the plate, and incubated for 3 h in the incubator. At last, the
cell viability was measured at 450 nm with reduced WST-8(2-(2-methoxy-4-nitrophenyl)-3-(4-n
itrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) using a microplate reader
(Bio-Tek).
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5.7

Figures

Scheme 1. Synthesis of fluorescently-labeled MCSN systems. Systems containing dye or drug
molecules are synthesized by first containing the magnetic ZnNCs at the core of the mesoporous
silica nanoparticles. Once the surfactant is removed from the pores, a molecular machine is
attached to the nanoparticle surface. Dye or drug loading, followed by capping of the molecular
machines, occurs as the final step to prepare the systems. Release can be realized using remote
heating via the introduction of an oscillating field.

121

Figure 1. Characterization of silica nanoparticles. (a) The IR spectra of the MCM-41
nanoparticles from KBr pellets before and after extraction. (b) The loss of the C−H peak at
~2900 cm 1 indicates the removal of the surfactant. (c) The XRD of the MCM-41 nanoparticles
−

before and after extraction. The retention of the spectrum indicates that the meso-structure of the
MCM-41 nanoparticles is maintained after the extraction.
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Figure 2. Heating profile of MCSNs in solution. When 10 mg of MCSNs are placed in 1 mL of
water and placed in the oscillating magnetic field, the solution temperature increases as a
function of the time exposed to the applied field. A maximum solution temperature of
approximately 52 °C is reached after 15 minutes, and this temperature remains for the duration of
the 60 minute experiment.
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Figure 3. Effects of pulsed AC field on a thermostatic sample at 4 °C. A single AC field
exposure (circles) exhibited a large increase in intensity after an initial 1-minute pulse. Multiple
pulses (squares, performed at 1, 3, 5, 7, and 9 minutes, then every 10 minutes for 270 minutes)
enabled more dye release until all the dye diffused out. A baseline (triangles) was obtained by
monitoring the fluorescence with no pulse.
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Figure 4. Results of MDA-MB-435 exposed to MCSNs. The green fluorescence is from the
inclusion of fluorescein isothiocyanate in the mesoporous silica framework. Panels a-c show
fluorescent microscope images, and d-f show the differential interference contrast images.
MCSNs containing doxorubicin were taken up into the cells, but before the AC field was
applied, there was no drug released (a and d). Panels b and e demonstrate DOX release (red
fluorescence) after a 5-minute AC field exposure. The arrows in e indicate the location of dying
cells. Panels c and f show MCSNs without DOX after a 5-minute field exposure.
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5.8

Tables

Table 1. Dynamic light scattering data of the CTAB templated magnetic-cored nanoparticles.
Rept#

Mean

Std Dev.

(nm)

(nm)

Rept.1

221.6

33.74

Rept.2

187.2

27.18

Rept.3

357.4

60.98

Average

255.4

40.63

	
  
Table 2. Release of dye from magnetic-cored system with applied external heating.
Maximum

Amount

of

dye Average heating rate Time

temperature (°C)

released (compared to (°C ms-1)

21

0%

0

—

41

30 %

4.72

3917

68

62 %

24.61

2800

83

100 %

42.41

1633
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maximum

amount released (s)

complete release)
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Chapter 6

Design and Synthesis of Magnetic Mechanized Mesoporous Silica Nanoparticles Towards
On-Command Anticancer Drug Delivery In Vivo
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6.1

Introduction
Delivering cancer drugs is inherently difficult. There is a real need for developing better

methods of anticancer drug delivery. Some of the most potent drugs are hydrophobic, and are
thus undeliverable by traditional clinical methods. Modification of these drugs to increase
solubility in water often decreases the cancer cell killing ability of these drugs.1-4 The
nonspecificity of drugs used clinically leads to high toxicity in healthy and cancer cells alike, and
patients experience side effects consistent with introduction of a toxin into the bloodstream. One
option for improved, specific drug delivery to cancer cells without drug modification is to use
mesoporous silica nanoparticles (MSNs).5-13 MSNs have been shown previously to be nontoxic
in vitro and in vivo, have a high internal volume to contain small molecule drugs, and have a
functionalizable external surface for attachment of groups that will control flow of the contained
drug molecules into and out of the pore structure.
MSNs containing magnetic nanocrystals (Mag@MSNs) at the core have been shown to
generate heat in the presence of an oscillating magnetic field, and this heat generated was used to
deliver doxorubicin in breast cancer cells.14 In this study, cell death was attributed to apoptosis
from drug delivery, in addition to necrosis from hyperthermia from magnetic heat generation. It
has been well established that hyperthermia can promote metastasis of tumor cells.15-18 Thus, it is
important to investigate whether Mag@MSNs in the presence of an AC magnetic field can be
used to efficiently deliver anticancer drugs without promoting/inducing necrosis within the
treated cells. In this study, we examine the effects of a pulsing sequence (i.e. an on-off-pause
sequence) of the AC field on drug delivery. By using a pulsed field, both heat generation and
toxicity can be minimized while still maintaining drug delivery efficiency. We demonstrate the
viability of a pulsed field to deliver nuclear stain in vitro, monitor in vivo biodistribution of the
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Mag@MSNs, and observe suppression of tumor growth when used to deliver doxorubicin in
vivo.
6.2

Magnetic Field Studies
In these studies, magnetic heating was generated using a high frequency inductive

heating instrument (MSI Automation, Wichita, KS). The instrument is equipped with a 5.0 kW
power supply and generates an AC current operating at 375 kHz in a 5 cm silver-plated copper
coil. A magnetic field with a maximum field density of 40 kA/m is generated in the coil.
Magnetic experiments were completed by adding 0.5-10 mg magnetic silica nanoparticles
to Eppendorf tubes with 1 mL of media. For heating experiments, tubes were placed in the coil
and temperature measurements were taken periodically by removing the sample from the coil
and measuring the temperature in the supernatant using a thermocouple. For abiotic release
experiments, tubes were placed in the coil and fluorescence measurements were taken
periodically by removing small aliquots of the supernatant and measuring the fluorescence using
a fluorometer.
When superparamagnetic nanocrystals are exposed to a magnetic field, the magnetic
moment of each nanocrystal aligns as a single domain with the applied field. If the field is
oscillating at a high frequency, heat is generated from the nanocrystals. This phenomenon has
been used clinically by introducing superparamagnetic iron oxide nanocrystals (SPION) into
solid tumors and exposing patients to high frequency oscillating magnetic fields19-23 to generate
heat. This heat elevation in cells, hyperthermia, can be used to weaken cell walls, or with
sustained heat elevation, to cause cell death. Since the goal of this study is to generate only
enough heat to deliver molecules and not enough to sustain elevated temperatures that kill cells,
a physical study was done to evaluate the heat generation of Mag@MSN samples in water.
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In a previous study,14 a 10 mg sample of magnetic silica nanoparticles in 1 mL of water
were placed into the coil, and the high frequency field was turned on for 20 minutes, resulting in
a dramatic temperature increase as the heat generation in the nanoparticles equilibrates in the
water (Figure 1a). Since this amount sustained heating can lead to necrotic cell death, heat
generation was monitored using short periods of exposure to the magnetic field. In this
experiment, 10 mg of magnetic silica nanoparticles in 1 mL of water were again placed in the
coil. The high frequency oscillating magnetic field was turned on for 30 seconds, with a rest
period of 90 seconds for the heat generated in the nanoparticles to dissipate into the surrounding
media. During a single cycle, defined as 30 seconds with the instrument on and 90 seconds with
the instrument off, no detectable increase in the temperature of the supernatant was observed.
This 90-second cycle also shows no significant temperature increase when the magnetic silica
materials are exposed to 10 cycles (Figure 1b). This same 10-cycle exposure to the high
frequency oscillating magnetic field can be used to release dye from the pores of functionalized
Mag@MSNs.
6.3

Manipulation of Physicochemical Characteristics for Improved Drug Delivery
The Mag@MSNs were redesigned to optimize their physicochemical characteristics for

in vivo studies (Figure 2). In a previous study, smaller MSNs with surface-attached co-polymers
of polyethylene imine (PEI) and polyethylene glycol (PEG) demonstrated increased
bioavailability in vivo and enhancement of the EPR effect in a xenograft tumor model.24 These
characteristics of smaller primary particle size and surface attachment of PEI-PEG were
incorporated into Mag@MSNs, by modifying the synthetic procedure to produce Mag@MSNs
with a decreased particle diameter of 80-90 nm (Figure 3a).
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Additionally, a more thermally stable cap was attached to the Mag@MSN surface. In
previous studies,14 30% of contained cargo molecules were released at body temperature, thus
limiting the usefulness for in vivo drug delivery. We replaced the diamine thread and
cucurbit[6]uril cap used previously with an adamantane thread and α-cyclodextrin cap (Figures
3b-3c). This new molecular thread/cap system is stable to temperatures above body temperature,
and does not induce cell death (Figure 4a), making it a viable candidate for in vivo drug
delivery. Furthermore, functionalization of this nanoparticle system with PEI-PEG increases
particle uptake into cells, as shown in Figure 4b. This fully assembled system, shown in Figure
2, was used to deliver Hoechst 33342 nuclear stain under abiotic conditions and in vitro, and to
delivery an anticancer drug in vitro.
6.4

Mag@MSNs to Deliver Nuclear Stain under Abiotic Conditions
As a demonstration that these materials are useful with for drug delivery, the fully

assembled system (Figure 2) with nuclear stain Hoechst 33342 as cargo was investigated with
respect to abiotic release of the nuclear stain. Release was examined using three methods of
heating: exposure to an external heat source at 80 °C (hot bath) for 20 minutes, exposed to the
oscillating field in the coil of the high frequency inductive heating instrument for 20 minutes, or
exposed to a cycled high frequency oscillating magnetic field (10 cycles, using 30 seconds with
the instrument on followed by 90 seconds with the instrument off to allow for heat dissipation
and thermal equilibration). In each case, release was monitored by fluorescence measurements of
Hoechst 33342 in the supernatant above a sample of 1 mg magnetic materials in 1 mL solution.
Release in Water: Release was first monitored in water to determine function of the system.
First, a hot bath at 80 °C was used to determine if increased heating will allow for machine
function. After a sample was exposed to the hot bath for 20 minutes, a 10-fold increase in
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fluorescence was observed from Hoechst being released into the supernatant (Figure 5a,
“External”). Next, a Mag@MSN sample in water was placed into the magnetic field for 30
minutes, which caused solution heating and Hoechst release into the supernatant, demonstrated
as a 30-fold increase in fluorescence in the supernatant (Figure 5a, “30 min Mag”). Finally, a
Mag@MSN sample in water was placed into the coil of the inductive heating instrument for 20
cycles (30 seconds on, 90 seconds off). Fluorescence measurements were taken after 2, 5, 10 and
20 cycles of the magnetic field (Figure 5a, “2 cycles,” “5 cycles,” “10 cycles,” and “20
cycles”). As the number of cycles increases, more dye is released from the nanoparticles,
indicating that increased time in the magnetic field allows more cargo to escape from the
nanoparticles.
Release in CDMEM: Release was next investigated in cell culture medium to mimic the
conditions for in vitro studies. First, a hot bath at 80 °C was used to determine if increased
heating will allow for machine function. After a sample was exposed to the hot bath for 20
minutes, a 50-fold increase in fluorescence was observed from Hoechst being released into the
supernatant (Figure 5b, “External”). Next, a Mag@MSN sample in water was placed into the
magnetic field for 30 minutes, which caused solution heating and Hoechst release into the
supernatant, demonstrated as a 40-fold increase in fluorescence in the supernatant (Figure 5b,
“30 min Mag”). Finally, a Mag@MSN sample in water was placed into the coil of the inductive
heating instrument for 10 cycles (Figure 5b, “10 cycles”). Unlike in water, a minimal increase in
fluorescence intensity was observed after 10 cycles in the magnetic field. This is due to the high
viscosity of cell culture medium. When a sample that has been exposed to 10 cycles of the
magnetic field is left undisturbed and the fluorescence intensity is examined 12 hours later, the
fluorescence intensity increases to similar levels observed with other methods of heating. A
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similarly slow release into surrounding supernatant is observed for abiotic release of the water
soluble anticancer drug doxorubicin in cell culture medium after 10 cycles of the magnetic field.
Release in Serum: Release was next investigated in saline supplemented with serum to mimic the
conditions for in vivo studies. First, a hot bath at 80 °C was used to determine if increased
heating will allow for machine function. After a sample was exposed to the hot bath for 20
minutes, a less than 10-fold increase in fluorescence was observed from Hoechst being released
into the supernatant (Figure 5c, “External”). Next, a Mag@MSN sample in water was placed
into the magnetic field for 30 minutes, which caused solution heating and Hoechst release into
the supernatant, demonstrated as a 28-fold increase in fluorescence in the supernatant (Figure
5c, “30 min Mag”). Finally, a Mag@MSN sample in water was placed into the coil of the
inductive heating instrument for 10 cycles (Figure 5c, “10 cycles”). After 10 cycles in the
magnetic field, a 26-fold increase in fluorescence intensity is observed. The release of the water
soluble anticancer drug doxorubicin in serum is demonstrated by a 40-fold increase in the
fluorescence intensity after exposure to 10 cycles of the magnetic field.
6.5

Determining Biologically Compatible Magnetic Field Conditions
The aim of this study was to generate enough heat at the nanoparticle level to release

drug molecules, without generating sustained elevated temperatures within the cells. As such, the
effects of a continuous magnetic field (turned on for a period of time without being turned off)
versus a pulsed field were examined. To study the effects of the magnetic field on cells, prostate
cancer cells (PC-3) were incubated either with silica nanoparticles without magnetic materials, or
magnetic silica nanoparticles that contain magnetic nanocrystals at the core. PC-3 cells were
treated with each type of material (non-magnetic or magnetic silica) at low concentration (10
µg/mL) or high concentration (100 µg/mL), and then exposed to the high frequency oscillating
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magnetic field. Cells were exposed to the field for 30 seconds, 1 minute, 2 minutes, or 5 minutes
(Figure 6a). When cells containing non-magnetic silica are exposed to the magnetic field, no cell
death is observed even after 5 minutes in the magnetic field. When cells containing magnetic
silica materials are exposed to the magnetic field, cell death is seen after 1 minute of magnetic
field exposure with high concentrations of silica, and after 2 minutes of magnetic field exposure
with low concentrations of silica.
The results in Figure 6a demonstrate that 30 seconds of exposure to the magnetic field
do not induce cell death, even at high concentrations of the magnetic silica materials in PC-3
cells, however 30 seconds of magnetic field exposure is not enough to release a large amount of
cargo from the Mag@MSNs (Figure 5a). When this 30 second exposure is repeated for 10
cycles, cargo is released and cell death is not observed (Figure 6b), indicating that these
magnetic field conditions are suitable for in vitro studies. By establishing these parameters in
vitro that would not cause inherent cell death from hyperthermia effects but would allow for
cargo delivery, we hope to improve drug delivery efficacy with a system that enables oncommand anticancer drug delivery.
6.6

Mag@MSNs to Deliver Nuclear Stain, Doxorubicin In Vitro
Once the conditions for magnetic field exposure were established such that cell death

from magnetic heating was eliminated while maintaining cargo release under abiotic conditions,
we examined delivery in vitro. PC-3 cells were incubated with the fully assembled Mag@MSN
system containing Hoechst 33342 in the pores at 50 µg/mL for 6 hours to allow for uptake of
particles into the cells. Following nanoparticle incubation, cells were exposed to 2 or 10 cycles in
the magnetic field to examine delivery of Hoechst into the cell. As shown in Figure 7, dye
release can be observed in as few as 2-30 second cycles of the magnetic field (Figure 7, middle
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row), with some dye remaining in the nanoparticles. After 10 cycles, the dye has been
completely delivered from the pore interiors into the cell (Figure 7, bottom row).
These same conditions were used to deliver the anticancer drug Doxorubicin into PC-3
cells (Figure 8). As the number of cycles was increased from 0 to 10, the fluorescence of
doxorubicin colocalized with the green fluorescence of the FITC-labeled MSNs decreased,
indicating drug diffusion out of the nanoparticles. Before the magnetic field is turned on, the
Doxorubicin remains inside the nanoparticles (Figure 8, top right panel, red fluorescence from
Dox with green fluorescence from FITC-MSNs results in a yellow color in the merged view).
Upon increasing exposure to the magnetic field, the Doxorubicin diffuses from the nanoparticles
and into the cell (Figure 8, middle right and bottom right panels, yellow color in the merged
images is less intense after 2 and 10 cycles than before treatment, indicating that Dox and FITC
are no longer co-localized; additionally, in the bottom right panel, the green fluorescence from
the MSNs is not overlaid by any red fluorescence, indicating complete release of Dox from the
nanoparticles).
6.7

Demonstration of Mag@MSN as a Viable Drug Delivery Vehicle In Vivo
The fully assembled Mag@MSN system, containing no cargo molecules, and further

functionalized with a near-infrared dye (DyLight 633) was delivered to tumor-bearing nude mice
via tail vein injection. The distribution of nanoparticles in vivo was monitored by live animal
imaging 24, 48 and 72 hours after injection (Figure 9). These data indicate colocalization of
nanoparticles in the tumor via the EPR effect, with clearance from the body after 72 hours. This
study demonstrates both the safety and the bioavailability of the Mag@MSNs for further
examination of drug delivery in vivo.
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6.8

Summary
A newly-designed Mag@MSN system was prepared to optimize the characteristics for

biological applications. By decreasing the primary particle size and adding a co-polymer to the
particle surface, in vivo circulation and bioavailability were improved. A new nanovalve based
on cyclodextrin can be used in vivo since there is no premature release of cargo molecules at
body temperature. Furthermore, a study of magnetic field conditions was completed to determine
the optimal conditions for achieving cargo release without adverse effects, such as heat-induced
necrosis. Instead of continuous magnetic field application, as is currently used in clinical
applications of magnetic hyperthermia, the oscillating magnetic field was turned on for short
bursts of release without causing cellular heating. Under these conditions, cargo release can still
be achieved, but sustained elevated temperatures within cells are not observed. Release studies
using magnetic field activation have been completed using Hoechst 33342 and Doxorubicin in
PC-3 cells, demonstrating the viability of this system as a controllable, on-command delivery
system in vitro. Biodistribution data indicate that the system is safe for in vivo applications, and
set the state for future in vivo drug release studies.
6.9

Experimental Methods

Synthesis of Mag@MSN. Magnetic iron oxide nanoparticles with Zn ion dopants were
synthesized according to previously published methods.25 The iron oxides were dissolved in
chloroform at a concentration of 50 mg/mL. In a typical synthesis, 1 mL iron oxides was added
to a solution containing 125 mg cetyl trimethylammonium bromide (CTAB, Aldrich, 95%) in 5
mL water. The mixture was sonicated and the chloroform was boiled off from the solution with
rapid stirring. The aqueous CTAB-stabilized iron oxides were added to an 80 °C solution of 45
mL water with 100 mg F127 (BASF) and 400 µL of 2.0 M NaOH, and 600 µL tetraethyl
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orthosilicate (TEOS, Aldrich, 98%) was slowly added. After two hours of stirring at 80 °C, the
solution was cooled to room temperature. To remove the CTAB template, a solution containing
50 mL methanol and 150 mg ammonium nitrate (Fisher) was added, and the solution was heated
to reflux for 30 minutes. The resulting nanoparticles (Mag@MSNs), with surfactant removed,
were collected by ultracentrifugation and washed with methanol. The fluorescent functionality
for optical monitoring of nanoparticles in cells, fluorescein isothiocyanate, was attached to the
mesoporous silica framework. To label MSNs, 3 mg fluorescein isothiocyanate (FITC, Sigma,
90%) was dissolved in 1 mL ethanol and 12 µL 3-aminopropyltriethoxysilane (3-APTES,
Aldrich, 98%) was added. This solution was reacted under nitrogen for 2 hours, then added to the
80 °C solution of aqueous sodium hydroxide and F127. After 10 minutes, the CTAB-iron oxide
solution was added, and the procedure followed in the same manner as above. These labeled
particles were used in the biological studies to monitor the nanoparticles in PC-3 cells. In order
to label nanoparticles for biodistribution studies, a near infrared dye was attached to the
nanoparticles. DyLight 680 NHS ester was attached to the MSNs according to previously
published methods,24 which allowed live animal imaging of particle distribution using a whole
animal imager (IVIS Imaging System, Imogen).
Attachment of Thermal Cap, and Cargo Loading. 50 mg of Mag@MSNs were added to 10 mL
toluene with 50 µL N,N-diisopropylethylamine (Sigma) and 9 µL adamantylethyl trichlorosilane
(Gelest). The reaction was stirred for 4 hours at room temperature and the particles were
collected via centrifugation. Hoechst 33342 loading was completed by soaking the nanoparticles
in a 10 mM solution of Hoechst overnight, before addition of 40 mg α-cyclodextrin (Sigma).
Doxorubicin loading was completed by soaking the nanoparticles in a 2 mg/mL solution of Dox
overnight, before addition of 40 mg α-cyclodextrin.
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Functionalization with PEI-PEG. For coating with polyethyleneimine (PEI), 10 mg of loaded and
CD-capped nanoparticles were suspended in 1 mL of 2.5 mg/mL 1.8 kD PEI ethanolic solution.
The solution was sonicated and stirred for 30 minutes, and the particles were collected via
centrifugation. Attachment of PEG was completed by suspending the nanoparticles in 1 mL dry
DMF with 50 mg activated mPEG26 and stirring overnight. The functionalized nanoparticles
were collected by centrifugation, washed with ethanol, and suspended in water for biological
studies.
Abiotic Release Studies. In a typical experiment, 1 mg Mag@MSNs (loaded with cargo, capped
with cyclodextrin, and functionalized with PEI-PEG) was suspended in 1 mL medium and the
solution was sonicated to distribute the particles throughout the solution. Particles were exposed
to direct heating via a hot bath at 80 °C, or to the oscillating magnetic field. To determine
function, aliquots of the supernatant after centrifugation were removed and the fluorescence and
absorbance of the solutions were measured using a microplate reader.
Hoechst, Doxorubicin Release In Vitro. Cell studies were performed using PC-3 prostate cancer
cells. Mag@MSNs (typical concentration is 50 mg/mL) were incubated with cells for 4 hours
with cells before magnetic field treatment. Cell plates were placed in the coil of the oscillating
magnetic field instrument, for up to 10 cycles of the magnetic field. Cells were fixed at 30
minutes or 6 hours after treatment to monitor function of the release mechanism.
Biodistribution Studies. Mag@MSNs functionalized with DyLight 680 were IV injected at 50
mg/kg in tumor-bearing nude mice (PC-3 tumor xenografts). Luminescence images were
obtained using an IVIS Imaging System (Xenogen) immediately after injection, and at 3, 24 and
48 hours post injection. Optimal localization of MSNs in the xenografts was seen at 24 hours.
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6.10

Figures

Figure 1. Heat generation in Mag@MSN using continuous exposure to (a) high frequency
oscillating magnetic fields, or (b) pulsed magnetic field conditions. A sample of 10 mg of
magnetic silica nanoparticles are placed in an eppendorf tube with 1 mL water and the sample is
centrifuged to form a nanoparticle pellet at the bottom of the tube. This sample is placed into the
coil of the high frequency instrument and the temperature of the supernatant is measured at
various timepoints. (a) When the sample is placed into the magnetic field, the temperature of the
supernatant increases from 20 °C to 42 °C within 15 minutes, after which the temperature
reaches a maximum. (b) For the pulsed field studies, the high frequency oscillating field was
turned on for 30 seconds, and turned off for 90 seconds. The temperature was measured
immediately before and after the magnetic field exposure to evaluate temperature increases in the
supernatant. The time refers to the cumulative amount of time the particles are exposed to the
field, with the 10 cycles exposing the nanoparticles to 5 minutes total, spread out over a 20
minute period.
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Figure 2. Fully assembled Mag@MSN system with thermal cap and copolymer. The small
magnetic silica nanoparticles are synthesized by modifying previously published methods.14,24
The particles are then functionalized with an adamantane group. The particles are loaded with
dye or drug by soaking in a concentrated solution. The cap is assembled by adding αcyclodextrin, which complexes with adamantane to form the thermal cap. In order to improve
bioavailability, a polyethyleneglycol-polyethyleneimine (PEG-PEI) copolymer is also added to
complete the Mag@MSN system.
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Figure 3. Characterization of Mag@MSN system. (a) Transmission electron micrograph shows
the small particle size and inclusion of magnetic materials. A new synthetic procedure allows for
synthesis of smaller magnetic silica nanoparticles as compared to previously published materials.
(b-c) Attachment of the adamantane thread was verified by solid state NMR. (b) The protonsilicon solid state NMR spectrum shows a T band around -60 ppm, indicating the presence of SiC bonds. (c) The proton-carbon solid state NMR spectrum verifies the attachment of the
adamantyl valve thread to the MSN surface. Peaks marked with asterisks (*) indicate the
presence of surface-adsorbed solvents.
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Figure 4. Toxicity of materials, and uptake into PC-3 cells. (a) Cells were exposed to either
magnetic materials with no surface functionalization, and mesoporous silica nanoparticles
without a magnetic core functionalized with the thermal cap to identify if any surface component
of the system is toxic. In two cell lines, it is demonstrated that toxicity is not observed for both
the magnetic-containing materials and the thermal cap. (b) PC-3 cells were exposed to
fluorescently-tagged magnetic silica nanoparticles (green) containing only the thermal cap
(middle panel) or the thermal cap with the PEG-PEI copolymer (right panel). Nanoparticles
containing the copolymer show increased uptake into cells as compared to the same silica
materials without the copolymer present on the surface.
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Figure 5. Abiotic nuclear stain, and anticancer drug release in biologically relevant media.
Mag@MSN containing either nuclear stain (Hoechst 33342) or a fluorescent anticancer drug
(Doxorubicin) were exposed to three heating conditions: 1) external heat with an 80 °C hot bath
for 20 minutes; 2) continuous exposure to a high frequency oscillating magnetic field for 20
minutes; or 3) exposure to 10 cycles (30 seconds on, 90 seconds off) of the high frequency
oscillating magnetic field. The media used were (a) water, (b) cell culture medium (CDMEM) or
(c) saline supplemented with serum. It is clear that each of these heating conditions produces
sufficient heating for the molecules to be delivered out of the nanoparticles and into the
surrounding solution. For the more viscous media (CDMEM and saline with serum), an increase
in fluorescence intensity of the supernatant was not immediately observed. However, if the
samples were left overnight to allow diffusion of the fluorescent molecules through the more
viscous media, an increase in fluorescence comparable to release in water was demonstrated.
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Figure 6. Effects of high frequency magnetic fields on PC-3 cells. To demonstrate the effects of
the high frequency oscillating magnetic field, PC-3 cells were incubated with nanoparticles and
exposed to the field under various conditions. (a) Nanoparticles either with or without the
magnetic core were introduced at two concentrations (10 µg/mL and 100 µg/mL) into PC-3 cells
and then exposed to the magnetic field for 30 seconds, 1 minute, 2 minutes or 5 minutes. For
samples without the magnetic core, no cell death was observed even when the cells were exposed
to the magnetic field for 5 minutes. When the nanoparticle samples contain magnetic cores, cell
death is observed at as little a 1 minute for cells incubated with magnetic silica nanoparticles at
100 µg/mL. In each sample, no toxicity was observed at 30 seconds of magnetic field exposure,
so this was established as a “safe zone” of operation. (b) At low (10 µg/mL) and high (100
µg/mL) concentrations, no toxicity is observed for exposure to 10-30 second cycles of the
magnetic field.
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Figure 7. Hoechst 33342 delivery in PC-3 cells using pulsed cycles of a high frequency
oscillating magnetic field. Before exposure to the magnetic field (top panels), it can be seen that
the Hoechst (blue) remains inside the Mag@MSNs (green). After two 30-second cycles of the
high frequency oscillating magnetic field (middle panels), some of the Hoechst is delivered from
the nanoparticles and into the nucleus. However, some of the Hoechst remains in the
nanoparticles. When the cells are exposed to an additional 8 cycles (10 cycles total, bottom
panels), all of the Hoechst has been delivered out of the nanoparticles and into the nuclear
regions of the PC-3 cells.
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Figure 8. Doxorubicin delivery in PC-3 cells using cycles of a high frequency oscillating
magnetic field. After 10 30-second cycles of the oscillating magnetic field, most Dox has moved
out of the nanoparticles, indicating complete release of the drug into the cells.
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Figure 9. Biodistribution of Mag@MSN in mice with xenograft PC-3 tumors. Areas of dark red
represent location of nanoparticles in live animal imaging. After 24 hours, a large amount of
fluorescence is seen from near-IR-labeled Mag@MSN nanoparticles localizing in the tumors.
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Chapter 7

Exploring Environmental Toxicity of Engineered Nanomaterials Using Copper Oxide
Core-Shell Silica Nanoparticles and Labeled Nano-Silver Composition
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7.1

Introduction
With an increasing number of consumer products containing engineered nanomaterials

(ENMs), it is important to understand the impact these nanoparticles have on consumer and
environmental health. Broadly, the nano-bio interactions have interest from two aspects: the
direct interaction of new nanomaterials in consumer products on humans and animals, and the
possible effects that nanomaterials leaching from these products have on other environmental life
forms. The primary research aim is to identify the factors that are consistent with toxic responses
and ultimately design systems that can reduce or eliminate these toxic effects.
One main hypothesis is that there exist specific chemical and physical properties of
nanomaterials that can be directly linked to both their toxic outcome and their environmental
impact. These properties include chemical composition, size, morphology, surface charge, and
aggregation kinetics, among others. By classifying a range of nanoparticles and analyzing for
common toxic factors, we can begin to form a predictive model for toxicity. Two essential
components for developing predictive toxicology are the detailed physical-chemical
characterization data, and comprehensive biological response data.
These toxic events can be monitored on a large scale using high throughput screening.
Traditionally, cells grown in multi well plates are exposed to chemicals or nanomaterials and are
assayed for perturbation in a single biological event at a time. Consequently, it consumes copious
amounts of time and resources to assimilate the entire picture of possible mechanisms by which a
nanomaterial confers toxicity. Added to the sheer number of novel nanomaterials introduced
each year, it is apparent that a traditional toxicological approach is grossly inadequate to meet the
safety screening required for cleaner nanotechnology applications. A solution is high throughput
screening (HTS) that makes use of software-controlled robotics for automated liquid handling
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and automated sensitive detector devices for simultaneous identification of multiple cellular
perturbations.1 This can help to determine the mechanism of toxicity, whereby we can create
synthetic analogs that retain the desirable qualities of the nanoparticles while reducing the
observed toxic effects. Another way to assess mechanisms of toxicity is to examine these same
lethal and sublethal effects using materials that vary with respect to one physicochemical
characteristic and testing this panel of materials for toxicity. By systematically varying one
physicochemical characteristic of ENMs, we can begin to recognize the nano-bio interactions
that are most important in determining toxic factors for ENMs.
7.2

Identifying Toxic Engineered Nanomaterials for Further Investigation
In order to prioritize research, a library of ENMs was screened for lethal and sublethal

effects in mammalian cells using high-throughput screening assays then confirmed in zebrafish
embryos.2 Once toxic ENMs were identified, further investigations began to determine
mechanisms of toxicity associated with various ENMs in organisms. One material chosen for
further investigation was copper oxide. Copper oxide nanoparticles are used in antifouling paints
on boats,3,4 and have potential in antimicrobial applications,5,6 so there is potential for release of
copper oxide nanoparticles into the environment.
Copper oxide nanoparticles7 (Figure 1) were introduced into zebrafish embryos at five
concentrations from 10-200 ppm six hours after fertilization, and hatching was monitored at 72
hours. Even at concentrations as low at 10 ppm, copper oxide demonstrates very high toxicity, as
shown in Figure 2. To determine the source of copper oxide nanoparticle toxicity, two materials
were synthesized. First, copper oxide nanoparticles were labeled with the fluorescent dye
rhodamine isothiocyanate (CuO-RITC) so they could be tracked using fluorescent microscopy.
Second, the copper oxide (CuO) nanoparticles were contained in mesoporous silica nanoparticles
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(MSNs) to create core-shell CuO@MSNs (Figure 3). By using these types of materials, the
physical surface of CuO is isolated from cell surface interactions, and the effects of copper (II)
ion dissolution can be examined exclusively.
Ag nanoparticles have been shown to be a source of ionic silver because of their
dissolution in a biological environment.7,8 Consequently, the shedding of silver ions has been
attributed as the primary mechanism of Ag nanoparticle toxicity in aquatic life-forms. However,
this may not be the only characteristic that is of importance in Ag nanoparticle toxicity because
the catalyst industry is introducing alternatively shaped metallic nanoparticles with increased
surface reactivity. Moreover, it has been demonstrated that nanoparticle shape may impact
biological outcome as a result of differences in the cellular uptake, biocompatibility, and organ
retention.9,10 For instance, in a recent study conducted in zebrafish embryos, dendrimer-shaped
nickel nanoparticles were shown to exhibit higher toxicity than spherical nanoparticles.11 The
shape effect of Ag nanoparticles has been observed in bacteria,12 with Ag nanoplates showing a
higher degree of toxicity. However, to our knowledge, a systematic investigation into the shapedependent toxicity of Ag nanoparticles has not been carried out in eukaryotes to date. Moreover,
while alternate mechanisms of Ag nanoparticle toxicity have been suggested,13 current models of
aquatic toxicology do not allow a systematic dissection of toxicity that could be carried out in an
environmentally relevant eukaryotic cell, which is better suited for elucidating mechanisms of
toxicity that can also be carried out to predict the toxicological potential in intact organisms.
7.3

Toxicity Screening of CuO and CuO@MSN In Vivo
The two copper oxide nanoparticle formulations, CuO-RITC and CuO@MSN, were

introduced into zebrafish embryos six hours after fertilization. In order to determine that a
relatively similar amount of copper oxide was introduced to the embryos in both cases,
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CuO@MSN was analyzed by inductively-coupled plasma mass spectrometry (ICP-MS) with
respect to copper content. The average weight of copper oxide in the CuO@MSN sample was
12.5%. When equivalent doses of CuO were introduced to the zebrafish embryos, similar results
were seen for hatching and survival rates 72 hours after fertilization (Figure 4). This suggests
that the dominating source of toxicity for nano-sized CuO is dissolved copper (II) ions. The
method of toxicity is predicted to be similar to that of dissolved zinc (II) ions,2 where the zinc
ions bind to an active site in the hatching enzyme. This chelation into the enzyme prevents the
embryo from hatching, thus resulting in high mortality among the zebrafish exposed to nano-zinc
oxide particles.
Since the two classes of materials, CuO-RITC and CuO@MSN have similar toxicity
profiles, and the effects of dissolved ions only are examined using CuO@MSN, it can be
concluded that the predominant effect of CuO toxicity in zebrafish is the interaction of dissolved
copper (II) ions interacting with the embryos. Additionally, it is supposed that the CuO@MSN
materials would not penetrate through the porous embryonic chorion, since the nanoparticle
diameter is 120 nm, and the porous openings are less than 50 nm. However, it was not known
whether CuO-RITC materials, having a primary size of 10 nm, would be able to penetrate the
chorion. In bright field and confocal microscopy studies (Figure 5), it was demonstrated that the
CuO-RITC adheres to the external surface of the chorion but does not penetrate into the interior
of the zebrafish embryo.
7.4

Toxicity Screening of CuO and CuO@MSN In Vitro
The CuO and CuO@MSN were also examined for toxicity in two mammalian cell lines,

RAW 264.7 and BEAS-2B. For products that are not for consumption, the most likely route of
exposure is inhalation, so macrophage and lung epithelial cells were chosen as the target cells.
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For equivalent weights of copper oxide added, much higher toxicity was observed in mammalian
cells for cells introduced to CuO@MSN than toxicity observed for CuO, as seen in Figure 6.
These differences in toxicity could indicate an effect from cell-surface interactions with
the nanoparticles, or could indicate differences in intracellular copper oxide. Since both cells are
exposed to dissolved copper ions, cell-surface interactions and particle uptake are the only
differences between the two particles interacting with cells. Previous studies have shown that
MSNs are taken up efficiently by RAW 264.7 cells.15 Since the CuO@MSN have the copper
oxide “hidden” within the mesoporous silica shell, it is hypothesized that the greater toxicity for
CuO@MSN can be attributed to a higher intracellular dissolved copper (II) ion concentration. If
more copper oxide is present in cells exposed to CuO@MSN than for unmodified CuO
nanoparticles, it may account for this increase in cellular toxicity.
7.5

Toxicity Screening of Ag Nano-Compositions
In order to test if direct physical contact is a prerequisite for cellular injury, we exposed

RT-W1 cells to Ag nanoplates introduced directly to the medium or contained in a semipermeable dialysis membrane immersed in the culture medium. Prior to the test, cells were
exposed to a dye cocktail that included Hoechst 33342, Calcein-AM, and Propidium iodide (PI)
to quantify the number of nuclei, cells with surface membrane damage (Calcein escape), and
dying cells, respectively (Figure 7a). Thus, in healthy non-particle-exposed cells (negative
control), the fluorescent intracellular calcein could be seen to leach from the cell during direct
exposure to Ag nanoplates, leaving behind Hoechst-stained nuclei only or occasionally resulting
in dead cells with positive nuclear staining for PI. Triton X-100 totally disrupted cell
morphology and calcein release (positive control). In contrast, the introduction of the Ag
nanoplates in a dialysis membrane had no effect on membrane permeability with occasional cells
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demonstrating increased PI uptake. Quantitative assessment of the data by Image J software
further confirmed that the change in calcein and PI fluorescence intensities showed statistically
significant differences between directly and indirectly exposed cells (Figure 7b). These results
demonstrate that direct cellular access is a prerequisite for the induction of cytotoxicity and
strengthens the notion that the surface reactivity of Ag nanoplates plays a major role in the
membrane damage.
In order to compare the membranolytic effect of Ag nanoplates more directly with other
Ag nanoparticles, we also used a red blood cell (RBC) lysis assay that serves as a sensitive
screening tool to assess the surface reactivity of toxic particles.16, 17 All Ag nanoparticles with the
exception of Ag nanowires induced erythrocyte lysis (Figure 7c). Compared to the lesser effects
of Ag10, Ag20, and Ag40 nanospheres, direct Ag nanoplate exposure induced the lysis of ~80%
RBC (Figure 7c). When introduced in dialysis tubing, none of the materials were capable of
inducing erythrocyte lysis, confirming the importance of direct contact with the surface
membrane.
Crystal defects have been reported to increase the chemical reactivity of Ag nanoparticles
and surface passivation has been shown to reduce the electro-catalytic property.18 In order to
assess the contribution of surface reactivity to the toxicity of Ag nanoplates more directly, we
asked whether surface coating with cysteine could reduce this material's toxicity. Utilizing the
cytotoxicity that is induced by 10 µg/mL Ag nanoplates, we demonstrated that increasing the
cysteine concentration from 10 to 1000 µM leads to a progressive reduction and even elimination
of PI uptake (Figure 8a). This observation also held true with incremental doses of the Ag
nanoplates (Figure 8b). The same protective effects could also be seen in studying superoxide
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generation by incremental doses of the Ag nanoplates (Figure 8c). Cysteine passivation likewise
reversed the membranolytic activity of Ag nanoplates in RBC (Figure 8d).
In order to compare the cellular results to in vivo outcome, we used the zebrafish embryo
(Danio rerio) as an organism that is increasingly being recognized for its use as a model for
studying chemical and nanomaterial toxicity.19-22 While most of the nanoparticles induced a
dose-dependent increase in hatching failure or embryonic mortality, Ag nanoplates were clearly
the most toxic, leading to 100% mortality rate at a dose of 10 µg/ml (Figures 9a, b). There were
no significant differences among spherical nanoparticles, while Ag nanowires elicited the least
impact. Ag nanoplates also induced more morphological defects than other nanoparticles as
outlined in Figure 10. We also used cysteine-coated Ag nanoplates to determine if surface
passivation ameliorates embryo toxicity. Indeed, cysteine coating prevented embryonic mortality
at a lower Ag nanoplate dose while also significantly suppressing lethality at higher Ag
nanoplate concentrations (Figure 9c).
7.6

Fluorescent AgNP Labeling for Determining Bioavailability
We used ICP-MS to determine the kinetics of Ag release in Holtfreter’s medium as well

as to measure total Ag content in exposed zebrafish embryos (Figure 11). While all the Ag
nanoparticles showed time-dependent Ag shedding in Holtfreter's, Ag10 nanospheres generated
the highest level of Ag ions in incubation medium and Ag nanoplates showed the lowest release
(Figure 11a). This demonstrates that, like the cellular studies, the higher toxicity of the Ag
nanoplates cannot be ascribed to particle dissolution and shedding of Ag ions. This conclusion
was further strengthened by measurement of the total Ag content in the zebrafish embryos,
which demonstrated that while the embryonic metal content following incubation with Ag
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nanospheres and Ag nanowires achieved levels of 400-500 ppb, the measured metal contents
following exposures were significantly lower at 328 ppb (Figure 11b).
In order to visualize the site of nanoparticle association with zebrafish embryo, we
attempted to label Ag nanoplates, nanospheres, and nanowires with rhodamine isothiocyanate
(RITC), a fluorescent dye. The fluorescence spectra of RITC-labeled particles were analyzed at
640 nm in order to assess the efficiency of labeling. These measurements demonstrated that
while Ag nanoplates could be labeled effectively, the labeling efficiencies of Ag nanospheres
and Ag nanowires were low (Figure 12a). We used a transgenic zebrafish strain expressing
green fluorescence protein (GFP) in vascular endothelial cells under the control of the flk-1 gene
that encodes the vascular endothelial growth factor receptor 2. This leads to the development of
green fluorescent blood vessels as a result of the expression of Flk-GFP in the developing
zebrafish embryos. The use of the RITC-labeled Ag nanoplates to perform confocal microscopy
in these transgenic embryos, demonstrated that the RITC-labeled nanoplates are capable of
binding to the chorion (the membrane surrounding the embryo), but did not show any particle
uptake in embryonic tissues (Figure 12b). Interestingly, the RITC-labeled nanoplates did not
interfere with embryo hatching nor damage the Flk-1 expression in the vasculature of the larvae,
while unlabeled nanoplates were toxic to the embryos and disrupted vascular development. A
likely explanation for the reduced toxicological effects of RITC labeling is that it contains thiol
groups similar to cysteine that could contribute to passivating the plate surfaces (Figure 13).
7.7

Summary
High throughput screening of ENMs gives a starting point for more in depth studies.

Nano-sized CuO (nano-CuO) was identified as a toxic ENM of interest, and further investigated
in zebrafish embryos and mammalian cells. Bare nano-CuO particles showed high levels of
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toxicity in zebrafish embryos, as well as in two mammalian cell lines, BEAS-2B and RAW
264.7. In order to further probe the mechanism of toxicity, the nano-CuO surface was isolated by
encapsulating it in mesoporous silica. Any dissolved copper (II) ions were still accessible to the
embryos or cells through the porous matrix of the silica. In the case of zebrafish embryos, similar
toxicity was observed for both materials, nano-CuO and CuO@MSN, indicating that the primary
source of toxicity is dissolved copper (II) ions. However, in the case of the two mammalian cells
lines, higher toxicity was observed for cells treated with CuO@MSN as compared to unmodified
nano-CuO particles. This difference in toxicity suggests that a higher intracellular concentration
of copper (II) ions is achieved for the CuO@MSN samples. Further studies on these materials
can help to determine these hypotheses, by studying the dissolution kinetics of the two materials,
and by monitoring CuO vs. CuO@MSN uptake using fluorescently labeled materials.
7.8

Experimental Methods
A sample of copper oxide nanoparticles was synthesized via flame-spray pyrolysis by

Suman Pohkrel.14 These nanoparticles have no surface modifications (e.g. oleyl amine or citrate
as a capping group), so in order to stabilize the nanoparticles in a surfactant matrix, a sample of
the copper oxide nanoparticles (1.25 mg) was added to 50 µL chloroform with 5 µL oleyl amine
(0.015 mmol, Aldrich, 70%). The resulting suspension was sonicated for 30 seconds, then added
to a solution of 20 mg cetyltrimethyl ammonium bromide (0.055 mmol, CTAB, Aldrich, 95%) in
1 mL water. The chloroform was boiled off with rapid stirring, resulting in surfactant-stabilized
copper oxide nanoparticles in an aqueous medium. Separately, 8.6 mL of water with 70 µL 2 M
sodium hydroxide was heated to 80 °C. Once the temperature of the basic solution had stabilized,
the CTAB-CuO solution was added. After 10 minutes, 100 µL of tetraethyl orthosilicate (0.450
mmol, TEOS, Aldrich, 99%) was added slowly. After 2 hours of rapid stirring at 80 °C, the
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copper oxide-core silica nanoparticles were removed by centrifugation and washed with ethanol
and water. The CTAB was removed by dispersing the as-synthesized materials in a solution of
133.3 mg ammonium nitrate (1.67 mmol, Fisher) and 50 mL 95% ethanol. This mixture was
heated to 60 °C for 15 minutes, then the particles were collected by centrifugation and washed
with ethanol. Complete removal of the surfactant was verified by infrared spectroscopy. To add
the fluorescent functionality for optical monitoring of the nanoparticles in cells, rhodamine B
isothiocyanate was added into the mesoporous silica framework. 0.3 mg rhodamine B
isothiocyanate (5.6 x 10-4 mmol, RITC, Sigma, mixed isomers) was dissolved in 1 mL ethanol,
and 2.5 µL 3-aminopropyltriethoxysilane (0.011 mmol, 3-APTES, Aldrich, 98%) was added.
This solution was reacted under nitrogen for 2 hours, then added to the 80 °C solution of aqueous
sodium hydroxide. After 10 minutes, the CTAB-CuO solution was added, and the procedure
followed in the same manner as above. These labeled particles were used in the biological
studies to monitor the MCSNs in zebrafish embryos. To attach RITC to the CuO surface, 5 mg
CuO nanoparticles were stirred in a solution containing 1 mg RITC (1.9 x 10-3 mmol) in 3 mL
ethanol under argon for 24 hours. The resulting particles were collected by centrifugation and
washed with methanol to remove any surface-adsorbed dye. These particles were used in
biological studies to monitor uptake by zebrafish embryos as compared to CuO@MSN-RITC
particles.
The zebrafish embryos were placed in 96 well plates with one embryo per well. The
embryos were exposed to particles at 4-6 hours after fertilization, and examined every 24 hours
for 5 days. The zebrafish embryos were kept in Holtfreter’s medium. Embryos were examined
using bright field and confocal microscopy techniques.
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The cell cultures were maintained in 75 cm2 cell culture flasks in which the cells were
passaged at 70-80% confluency every 2-3 days. RAW 264.7 cells were cultured in RPMI 1640
containing 10% fetal calf serum, 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 mM Lludamine (complete RPMI medium). BEAS-2B cells were cultured in BEGM medium. All cells
were plated at 1 x 104 cells per well in a 96 well plate. MTS assays (CellTiter 96® Aqueous One
Solution Cell Proliferation Assay, Promega) were performed after 96 hours post induction of the
particles to determine the cell viability after treatment. ICP-MS was performed on the
CuO@MSN samples to determine amounts of CuO present by weight of the samples. For three
concentrations examined, the amount of nano-CuO was determined to be as follows: 500 µg/mL
CuO@MSN contains 0.803125 µg/mL CuO; 250 µg/mL CuO@MSN contains 0.4015625 µg/mL
CuO; 125 µg/mL CuO@MSN contains 0.20078125 µg/mL CuO.
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7.9

Figures

Figure 1. Transmission electron microscope image of nano-CuO particles. Without surface
capping groups, the particles are not well dispersed, so oleyl amine is sonicated with the particles
to achieve better dispersion.
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Figure 2. Hatching and survival rates of zebrafish embryos 72 hours after fertilization. NanoCuO particles were introduced to zebrafish embryos at concentrations from 0 (ctrl) to 200 ppm at
six hours after fertilization. Even at very low (10 ppm) concentrations, nano-CuO demonstrates
high toxicity as observed by a hatching rate of 0%. When survival rates are examined five days
after fertilization, each sample containing nano-CuO dropped to 0% survival.
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Figure 3. Transmission electron microscope image of CuO@MSN. Nano-CuO particles are
contained within a mesoporous silica shell. In this manner, the surface of the CuO is isolated
from the surrounding environment, but dissolved copper (II) ions are still accessible through the
porous matrix.
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Figure 4. Toxicity of CuO and CuO@MSN samples, unmodified or labeled with rhodamine B
isothiocyanate (RITC). Each pair of samples, CuO and CuO-TRITC (nano-CuO particles labeled
with RITC); and CuO-MSN (CuO@MSN) and CuO-MSN-TRITC (CuO@MSN labeled with
RITC), similar toxicity is observed at 72 hours after fertilization. This suggests that ion
dissolution is important to toxicity, but not contact with the CuO surface.
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Figure 5. Bright field microscopy image (A) and confocal microscopy image (B) of zebrafish
embryos introduced to CuO-RITC at six hours after fertilization. The nano-CuO particles do not
penetrate the zebrafish chorion. Since these particles have similar toxicity as compared to
CuO@MSNs, it can be inferred that the primary cause of toxicity is dissolution of copper (II)
ions.
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Figure 6. Toxicity profile of nano-CuO particles and CuO@MSN in two mammalian cell types,
RAW 264.7 and BEAS-2B. Toxicity is observed for nano-CuO particles in each cell type, as
demonstrated by the solid black lines. However, the CuO@MSN samples (dotted lines) are much
more toxic. The concentrations of CuO@MSN used is significantly larger than the nano-CuO
particle concentration used because these represent equivalent doses of CuO as determined by
ICP-MS concentrations of copper (II) in the samples. For CuO@MSN at 500 µg/mL, the dose of
CuO is 0.803 µg/mL. The sharp increase in toxicity is attributed to higher intracellular copper
(II) ion concentrations for CuO@MSN samples.
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Figure 7. Fluorescence microscopy to demonstrate differences in the membranolytic activity of
Ag nanoplates during direct and indirect contact with RT-W1 cells.(a) RT-W1 cells grown in 24well plates received 10 µL/mL of a Ag-nanoplate suspension added directly to the well or
introduced in a dialysis bag that was immersed in the cell culture medium. Following incubation
for 24 h, the culture medium was removed and the wells received 500 µl of PBS that contained a
dye mixture of Hoechst 33342, Calcein-AM, and Propidium iodide (PI). After incubation for a
further 30 min, the cells were imaged under a fluorescence microscope. Healthy unexposed cells
demonstrated green fluorescence staining by calcein in the cytosol, which partially obscures the
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Hoechst-stained (blue) nuclei. However, following direct contact with Ag nanoplate, disruption
of the surface membrane catalyzed calcein escape and PI uptake into a few cells. In contrast,
similar changes were not seen when the Ag nanoplate were introduced in a dialysis bag. Cellular
lysis with Triton X-100 served as the positive control, while untreated cells served as the
negative control. (b) The change in fluorescence intensity was analyzed using Image J software
to express quantitatively the number of cells showing decreased calcein content and increased PI
uptake in the nucleus. Thus, while direct addition of Ag nanoplates resulted in ~100-fold
increase in PI uptake and ~10-fold decrease in calcein fluorescence intensity, separation of the
nanoplate considerably reduced the membranolytic and cytotoxic effects. (c) Measurement of
erythrocyte lysis with Ag nanoparticles and AgNO3 added directly to or physically segregated
from the RBC. Heparinized mouse RBC were treated with 10 µg/mL Ag nanoparticles or AgNO3
(2.5 ppm) for 4 h. The samples were centrifuged and the hemoglobin absorbance of the
supernatants measured at 540 nm in a microplate reader. Triton X-100 (5%), leading to 100%
cell lysis, was used as the positive control to normalize all the values. While direct contact with
Ag nanoparticles or AgNO3 induced RBC lysis, the effect was significantly higher for Ag
nanoplates. However, when the Ag nanoparticles were introduced in dialysis tubing, the lytic
effect was dramatically reduced. AgNO3 leaching from the dialysis bag could also induce RBC
lysis.
Experiments were repeated three times, using triplicates in each group.
* Statistically significant from control (p <0.05). # statistically significant differences between
Ag nanoplates and other nanoparticle types (p≤0.05). Error bars represent the standard deviations
from average values.
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Figure 8. Surface passivation of Ag nanoplates by cysteine eliminated their cytotoxic effects.
Ag-nanoplate suspensions in water were replenished with 1 mM cysteine-HCl and stirred
overnight. The particles were washed in water and re-suspended in L-15 medium containing
alginic acid. (a) The effect of coating with incremental concentrations of cysteine on the
induction of cytotoxicity by 10 µg/mL of Ag-nanoplate suspension. (b) Comparative effects of
cysteine coating on the cytotoxic effects of incremental doses of Ag nanoplates. (c) Comparative
effects of cysteine coating on mitochondrial superoxide generation by incremental doses of the
Ag nanoplates. (d) Comparative effect of cysteine coating on the induction of RBC lysis by
incremental doses of the Ag nanoplates. (e) ICP-MS analysis to quantify the Ag content of cells
treated with cysteine-coated and original Ag10 nanospheres, Ag nanoplates, and Ag nanowires.
While cysteine coating reduced the total Ag content in cells treated with the nanospheres, similar
coating effects were not seen in the Ag-nanoplate- or Ag-nanowire-treated groups.
Experiments were repeated three times, using triplicates in each group. * Statistically
significant difference from control (p<0.05). # statistically significant difference from untreated
(p≤0.001). Error bars represent standard deviation from average value.
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Figure 9. Zebrafish embryo toxicity induced by Ag nanoparticles. Zebrafish embryos exposed to
increasing doses of Ag nanoparticles in Holtfreter’s medium were assessed for: (a) inhibition of
embryo hatching at 48 hpf; (b) mortality rate at 120 hpf; and (c) passivating Ag nanoplates with
cysteine abolished the zebrafish embryo toxicity. Ag nanoplates reacted with cysteine HCl (as
detailed in figure 6) were used to treat zebrafish embryos and the mortality rates were compared
to uncoated nanoplates.
The average value was calculated for a total of 36 embryos in three experiments, using 12
embryos per group. Experiments were repeated three times with triplicate samples in each group.
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* Statistically significant difference from control (p<0.05). # statistically significant difference
from untreated Ag nanoplates (p≤0.001). Error bars represent the standard deviations from the
average values.
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Figure 10. Differential effect of Ag nanoparticles towards inducing morphological abnormalities
in hatched and surviving zebrafish embryos. In addition to the differences shown for different Ag
nanoparticles in the induction of mortality and inhibition of embryo hatching (Figure 9), there
10#

were differences in sub-lethal morphological effects in hatched larvae. Representative images of
the zebrafish embryos exposed to Holtfreter’s medium with and without the Ag nanoparticles at
5 µg/mL at 72 hpf. While all of the materials induced one or more of the indicated morphological
defects, the frequency was higher for Ag nanoplates. PE = pericardial edema, BS = bent spine,
and MT = malformed tail.
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Figure 11. ICP-MS analysis of zebrafish embryos treated with Ag nanoparticles. (a) ICP-MS
analysis of Ag release into the Holtfreter’s medium. Ag-nanoparticle suspensions (5 µg/mL)
were prepared in Holtfreter’s medium containing alginic acid and assayed for Ag release at
incremental time intervals as detailed in Figure 5b. (b) Ten zebrafish embryos, treated with 5
µg/mL Ag nanoparticles for 48 h were washed and homogenized using a probe sonicator. The
total Ag content of the homogenates was determined after acid hydrolysis. ICP-MS results
showed comparable amount of total Ag in embryos treated with Ag nanosphere and Ag nanowire
but was slightly lower in Ag-nanoplate-treated embryos. The average amount of Ag calculated
from three replicates (10 embryos in each) is expressed as ppb of Ag per individual embryo.
Experiments were repeated three times with triplicate samples in each group.
* Statistically significant difference from media control/untreated zebrafish embryos (p≤0.05). ¶
statistically significant differences from media control/untreated zebrafish embryos and other
types of Ag nanoparticles (p≤0.05).
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F igure S6. F luorescence labeling of Ag nanoparticles with Rhodamine B isothiocyanate and
confocal microscopy of zebrafish embryo treated with labeled Ag nanoplates.
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demonstrated that the red fluorescence intensity of Ag nanoplates at 640 nm was higher than for
Ag10 nanospheres and Ag nanowires. This result demonstrates that Ag nanoplates were more
efficiently labeled with RITC than Ag10 nanospheres or Ag nanowires. Physicochemical
characterization of the plates showed an increase in the hydrodynamic diameter from 44.2 to
87.1 nm, while maintaining their negative zeta potential. (b) Confocal microscopy to
demonstrate the binding of RITC-coated Ag nanoplates to the chorion of transgenic zebrafish
embryos but not to hatched larvae. Transgenic zebrafish embryos were exposed to Ag nanoplates
in 100 µL of Holtfreter’s medium for 48 h. We used the flk transgenic strain that expresses Flk-1GFP in endothelial cells, enabling us to visualize the developing vasculature. Zebrafish embryos
were treated with 10 µg/mL RITC-labeled or non-labeled Ag nanoplates as described. At 24 and
48 h following the addition of the Ag nanoplates, the embryos were washed, tranquilized and
mounted on a glass slide by embedding in soft agar. These embryos were visualized under a 5x
objective in a confocal microscope (Leica Confocal 1P/FCS) in the UCLA/CNSI Advanced
Light Microscopy/Spectroscopy Shared Facility. Images were processed using Leica Confocal
Software.
The representative images show that the Ag nanoplates bind to the chorion, without any
recognizable nanoplate uptake into the embryonic tissues. Following the hatching of the embryo,
no fluorescent plate binding could be seen at the surface nor in the tissues of the larvae. Note that
both the embryos and larvae demonstrated normal vascular development when exposed to RITClabeled Ag nanoplates but that unlabeled Ag nanoplates were found to induce abnormal vascular
development at both developmental stages. This lack of toxicity for the RITC-labeled plates is
likely due to the reaction of the RITC thiol group with the reactive sites on the surface of the Ag
nanoplates, leading to surface passivation. This is further illustrated in Figure 13.
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F igure S7. Rhodamine B isothiocyanate coating reduces the embryonic toxicity of the Ag
nanoplates.
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Figure 13. Rhodamine B isothiocyanate coating reduces the embryonic toxicity of the Ag
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14#
#
type and the mortality
rate was scored at 120 hpf. While the unpassivated Ag nanoplates induced

100% mortality of the embryos, cysteine coating as well as RITC labeling eliminated the toxic
potential of the nanoparticles. This suggests that the RITC thiol groups may passivate the particle
surface in a manner similar to that of cysteine.
The high affinity of silver for sulfur-containing compounds has been well documented. It
is predicted that the sulfur on the RITC forms a Ag-S bond with the surface silver atom thereby
creating RITC-labeled Ag nanoparticles. The sulfur moieties (red) in RITC (Figure 13b) and
cysteine (Figure 13c) molecules could lead to the formation of thie Ag-S bond. Thus, the similar
thiol chemistry in these molecules is suggested as the reason for the quenching of surface
reactivity and amelioration of the Ag nanoplate toxicity by these molecules.
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Chapter 8

Conclusion and Future Research
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8.1

Conclusion
It has been demonstrated the mesoporous silica nanoparticles (MSNs) can be used for

delivery of anti-tuberculosis drugs in vitro, and anti-cancer drugs in vitro and in vivo. MSNs
having diameters of 80-100 nm with 2 nm pore openings are nontoxic in mammalian and
zebrafish cells, as well as zebrafish embryos, at concentrations over 100 µg/mL. The pore size
allows for the containment of small molecule drugs for delivery, while the sub-100 nm size
enhances particle uptake in cancer cells due to the enhanced permeability and retention (EPR)
effect. Decoration of the MSN surface with co-polymers polyethyleneimine (PEI) and
polyethyleneglycol (PEG) increase circulation in the blood stream, thus increasing the EPR
effect further. Additionally, attachment of molecular machines to the surface enables the MSNs
to contain small molecule drugs in the pores for stimulus-response of the molecular machine to
induce delivery into the surrounding media. Molecular machines consist of a linear thread
molecule attached to the MSN surface, containing binding sites for bulky macrocycles, forming
inclusion complexes. The bulky group prevents small molecules stored within the pores from
escaping into the surrounding media. However, when a stimulus is introduced that decrease the
binding between the molecular thread and the macrocycle, the macrocycle can move away from
the MSN surface, allowing the contained small molecules to diffuse out of the MSN pores along
a concentration gradient.
This platform has been used to deliver both hydrophobic drugs (camptothecin and
rifampicin) as well as hydrophilic drugs (doxorubicin and isoniazid). Hydrophobic drugs can be
contained within the MSNs without the attachment of molecular machines, while hydrophilic
small molecule drugs require molecular machines to contain the drugs within the pores of MSNs.
In this dissertation, the synthesis and function of three types of stimulus-responsive machines
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have been discussed. A light-activated machine functions to release contained molecules when
exposed to high-energy light (Chapter 3). Two systems based on rotaxanes that respond to
decreased pH were discussed as potential drug delivery systems that self-open upon uptake into
the lysosomal compartments of cells (Chapters 3 and 4). Two thermally-responsive machines
were designed to contain drug molecules in MSNs until introduction of a high-frequency
oscillating magnetic field induced cargo release (Chapters 5 and 6). To direct MSNs into cancer
cells, active targeting was achieved by attachment of proteins to the MSN surface (Chapter 2).
Additionally, MSNs can be used to probe environmental hazards of nanomaterials. Key
to studying environmental toxicology is determining the interactions that occur between
nanomaterials and the surrounding environment (ground and surface waters, aquatic life forms,
plants, soils, etc.). One method of examining nanomaterial interactions is to compare
unfunctionalized nanomaterials with nanomaterials that have been intentionally functionalized to
physically isolate the particle surface from surrounding media. In this manner, the effects of cellsurface (or media-surface) interactions between dissolved ion effects can be observed. Toxicity
of copper oxide nanoparticles (nano-CuO) in mammalian cells and in zebrafish was examined
using this technique. Nano-CuO was introduced to cells, and the effects were compared to cells
that had been incubated with CuO@MSN (nano-CuO encapsulated within a mesoporous silica
shell). Dissolved ions contributed greatly to nano-CuO toxicity (Chapter 7). Furthermore,
techniques developed for MSNs, such as labeling with fluorescent molecules, can also be
employed for nanomaterials to assess safety. When nano-silver composites are fluorescently
labeled using fluorescein isothiocyanate (FITC), they can be tracked spectroscopically and toxic
effects can be attributed surface defects (Chapter 7).
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8.2

Future Research
Further research is needed to investigate the physical properties of nanomaterials

encapsulated within MSNs, particularly iron oxides (Chapter 6). When zinc-doped iron oxide
formulations are contained in MSNs (Mag@MSN), a high-frequency oscillating field generates
heat. When molecular machines are attached to the MSN surface, the heat generated by these
Mag@MSNs is enough to open the machines and deliver cargo molecules. Studies done at low
temperature suggest that bulk heating of the surrounding solution is not necessary to generate
sufficient heat for machine function, indicating that high heating is generated at the particle level.
Raman spectroscopy of these particles will be done to help quantify the extent of heating at the
nanoparticle level in solution. These materials also require further investigation with regards to
drug delivery. A system has been developed that can deliver drug molecules in vitro and in vivo
using this nanoparticle system (Chapter 6), but optimizations need to be made in order to move
closer to clinical testing. Attachment of targeting molecules to the Mag@MSNs enhance particle
uptake into cells of interest will also be investigated.
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